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SYNOPSIS 


Name of Student : Rajesh Kumar Dwivedi Roll # : 9110972 

Degree for which submitted : Ph. D. Department : Physics 

Thesis Title : LASER ABLATED PLUMES FOR THIN CARBON FILM DEPOSITION 
Name of the thesis supervisor : Professor Raj K Thareja 

The thesis describes an extensive experimental and theoretical investigation of laser 
ablated carbon plumes for thin film deposition using Nd:YAG laser wavelengths in an 
ambient atmosphere and the characterization of the deposited filmsy The optical emission 
diagnostics of laser ablated carbon plasma ionic/atomic and molecular species was carried 
out at low and high laser irradiance in presence of helium and argon gas pressures. The 
carbon films were deposited under various ambient conditions. The deposited films were 
characterized and a correlation on the characteristics of deposited films with the plasma 
plume parameters is presented. 

^o study the laser ablated carbon plumes, the laser radiation was focused onto a 
spectroscopic grade pure graphite target mounted in a vacuum chamber which could be 
evacuated to pressures better than 10"^ Torr/The experiments were carried out at various 
laser wavelengths (X=1.064, 0.532, 0.355 and 0.266 pm) and helium and argon gas 
pressures (10'^ - 100 Torr). The plasma radiation was imaged onto the monochromator 
(HRS-2, Jobin Yvon) so as to have one to one correspondence with the plasma and its 
image onto the slit of monochromator and output was detected with a photo multiplier tube 
(Hamamatsu, IP28) and recorded on a strip chart recorder or displayed on a storage 
oscilloscope (Iwatsu, TS-8123). Ion probe diagnostics of the plasma was carried out using 
a Langmuir probe. The probe was inserted into one of the port of the vacuum chamber. For 
thin films deposition the laser radiation was focused using a cylindrical lens. The films 
were deposited on silicon and glass substrate under various helium and argon gas 
pressures. The laser ablated carbon "soot" was collected firom the chamber at various 
helium gas pressures to ascertain the presence of fullerenes €«)• 

hydrodynamic model for pulsed laser deposition of carbon in an ambient 
atmosphere is presented. The laser ablated plasma is treated as an ideal gas at high pressure 
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and temperature which initially is confined in small dimension and suddenly allowed to 
expand in vacuum. The initial stage of plasma expansion in presence of an ambient gas is 
assumed same as in vacuum and after a mean fi'ee path corresponding to the ambient gas, a 
drag force term which depends on the ambient pressure is introduced. Using hydrodynamic 
model various plasma parameters viz. plasma temperature, density and velocity are 
estimated. The plasma dimensions increase with increase in time in all directions with the 
expansion being larger along the target normal. The expansion velocity in vacuum is seen 
to first increase with time and ultimately attains constant value at later times. The plasma 
temperature decreases with increase in time. In the presence of an ambient gas the velocity 
of the plasma first increases, then becomes constant and finally decreases beyond a certain 
distance. The distance at which the velocity of the plasma decreases depends on the 
ambient pressure. The estimated thickness of the film decreases with increase in distance 
firam the target surface normal. / 

[The optical emission firom the laser ablated carbon plume was recorded at several 
distances (z) from the target surface at various laser irradiances of 1.064, 0.532, 0.355 and 
0.266 pm laser wavelengths/ At high laser irradiance (~10^ - lO’^ W/cm^ ), various 
atomic/ionic species fi-om C IV to C I are observed in the optical emission. The intensity of 
the emitted lines increases in presence of an ambient gas. The electron temperature of the 
plasma was calculated at various distances fi'om the target surface using emission lines 
intensity ratio, assuming the plasma to be in local thermodynamic equilibrium (LTE). The 
electron temperature of the C 11 transitions 3p - 4s at 392.0 nm decreased with 
increase in distance fi'om the target surface. In presence of argon gas at 1 Torr the electron 
temperature was larger than that in vacuum. The Stark broadened profile of C II transition 
3 p . 4s at 392.0 nm was used to estimate electron density and was found to lie in the 
range 10^^ - lO'* cm'^. The electron density variation with distance from the target surface 
showed and dependence in vacuum and 1 Torr argon gas respectively. The 

velocity of the plasma front was estimated fi-om the recorded temporal profiles of C II 
transition 3p - 4s at 392.0 nm. The plasma expansion velocity was found to be about 
1.2 X 10^ and 1.95 x lO'^ cm/sec in vacuum and 1 Torr argon gas respectively. At low laser 
irradiance (~ 10® - 10^ W/cra ), molecular carbon (C 2 ) was found to dominate. An 
extensive study of C 2 emission was undertaken to correlate its yield with the deposited 



films characteristics. We observed C2 emission in the Av = -2, -1, 0, 1, 2 sequence of Swan 
(d Ttg -a Tiu) bands and the Av = 0 and 1 sequences of the Deslandres-d’ Azambuja (C'Ttg - 
AVg) bands. C2 emission studies were performed at various laser irradiances, laser 

wavelengths (1.064, 0.532, 0.355 and 0.266 ^im) and ambient gas pressures in the range of 

-2 

10 - 100 Torr. Enhancement of emitted bands was observed in presence of helium and 
argon gas atmosphere. However, the enhancement was found more in presence of argon 
than in helium. The C2 band head intensity is found to be optimum at an intermediate 
energy for all laser wavelengths. Vibrational temperature of C2 species was estimated using 
measured emission intensities of the Swan band heads of the sequence ( Av = -1 ) at various 
laser energies, wavelengths and helium and argon gas pressures. Vibrational temperature 
decreases with increase in helium gas pressure. In presence of argon gas, the vibrational 
temperature is found to be maximum at 1 Torr of argon gas pressure and decreased with 
change of pressure on either side. Vibrational temperature increases with increase in laser 
wavelength. Vibrational temperature was found to be maximum at some intermediate 
energy which decreases with decrease in laser wavelengths. The temporal profile of C2 d-a 
Av = 0 Swan band at 516.5 nm shows double peak behavior in presence of helium gas 
pressures beyond a distance of 2 mm from the target surface. The evolution of second slow 
peak is attributed to shock waves generated in the plasma in presence of helium gas. 

/Ion probe diagnostics of laser ablated carbon plumes was also carried out. The space 
and angle resolved studies of the carbon plasma plume were performed using 0.355 pm 
laser wavelength at various argon pressures ranging fi'om 10’ - 100 Torr.yThe electron 
temperature and density were calculated using Ip -Vp characteristics of the probe at several 
distances firom the target surface, laser irradiances, angle with respect to target surface 
normal and argon gas pressures. The electron temperature in vacuum decreases with 
increase in distance firom the target surface. At 1 Torr of argon gas pressure the electron 
temperature was found higher which decreased at larger distances from the target. The 
electron temperature is maximum along the target surface normal and decreases with 
increase in angle fi'om the target surface normal. The ion density in vacuum is found to be 
maximum at 45° firom the target surface normal. However, at pressures beyond 1 Torr the 
ion density of the plasma is maximum along the target surface normal. A cosine function 
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was fitted to the measured ion densities at various angles. The exponent of the cosine 
function decreases with increase in distance. The exponent decreased in presence of argon 
gas pressures and was maximum at 1 Torr as compared to other argon gas pressures. The 
larger exponent at 1 Torr indicates the forward directed behavior of the plume at that 
pressure. The ion density increases with increase in laser irradiance and becomes constant 
at higher irradiance. The velocity of the ions decreases in presence of an ambient gas. It is 
maximum along the target normal and decreases with increase in angle. 

Thin carbon films were deposited on silicon and glass substrates at 10 mm away and 
parallel to the target surface at 3.8 x 10^ W/cm^ irradiance of 0.532 and 0.355 pm laser 
wavelength at various helium and argon gas pressures (10’^ - 100 Torr). The deposited films 
were characterized using scanning electron microscopy (SEM), x-ray diffraction (XRD), 
transmission electron microscopy (TEM), selected area electron diffraction (SAED), micro- 
Raman spectroscopy and resistivity measurements/ SEM images of the deposited films in 
presence of helium gas shows the increasing dominance of micro-crystalline clusters with 
increase in helium gas pressures. XRD pattern of the carbon film deposited on silicon at 
100 Torr helium gas pressure showed peaks at 10.3°, 11°, 17.9° and 21° confirming the 
presence of (100), (002), (1 10) and (1 12) crystalline planes of C^o- The presence of carbon 
clusters (firllerenes) in laser ablated carbon "soot" in a helium atmosphere (10‘^ - 100 Torr) 
was confirmed by UV-Visible and infra-red spectroscopy. The film deposited in the 
presence of an argon gas shows the nucleation density to be maximum at 1 Torr and 
decreases with change of argon gas pressure on either side. XRD pattern of the film 
deposited shows peaks at 43.5°, 76°, 91.5° and 120° indicating the presence of (111), (220), 
(311) and (400) crystalline planes of cubic diamond. TEM and SAED pattern of the 
deposited film at 1 Torr shows the ring pattern corresponding to poly-crystalline face 
centered cubic material. The estimated djattice ~ spacing, 2.057 and 1.241 A° , of the rings 
matches well with the (1 1 1) and (220) planes of cubic diamond respectively. Micro-Raman 
spectrum of the deposited films at various argon gas pressures shows the presence of two 
well defined characteristic peaks in the spectrum at 1580 cm ' (G-line) and 1350 cm * (D- 
line). The D-line-to-G-line intensity ratio I(D)/I(G) decreases with increase in pressure upto 
1 Torr but increases with further increase in argon gas pressure. The G-line shifts to 1550 
cm"' for the film deposited at 1 Torr of argon gas pressure. The resistivity of the deposited 



films was measured at various temperatures fi-om -190° C to 200° C. The resistivity of the 
deposited film was also maximum at 1 Torr. 

/ The characteristics of the deposited films are correlated with various parameters of 
the plasma plume. It is observed that temperature of the plume is one of the vital parameter 

g 

that affects the characteristics of the deposited films. At an optimum irradiance of 3.8 x 10 
W/cm the films characteristics are best explained. At this irradiance the molecular C 2 is a 
dominant constituent of the plasma plume. In the presence of helium gas the vibrational 
temperature decreases with increasing pressure indicating that the presence of helium helps 
in cooling and clustering of the species in plasma giving rise to the increasing dominance of 
Cso with increasing pressure. The intensity of C 2 bands also increases with increase in 
pressure. However, the increase is more in presence of argon than in helium. The intensity, 
yield of C 2 is at a maximum at 1 Torr of argon gas. The vibrational temperature 
corresponding to 1 Torr is also observed to be maximum. The larger vibrational 
temperature at 1 Torr is attributed to the fragmentation and ionization of higher clusters in 
the plume giving rise to the stable C 2 clusters; with subsequent increase in yield of C 2 . The 
increase in C 2 yield seems to be responsible for the formation of diamond at 1 Torr argon 
pressure. Ion probe measurements show that the temperature of the plasma at 1 Torr argon 
gas pressure is nearly constant between 6 and 10 mm distance from the target surface and 
then decreases with further increases in distance. A practically constant temperature implies 
the emitted species of nearly constant energy. The location of the substrate in this distance 
range with respect to target may produce optimum quality films. Further, the electron 
temperature is larger at 1 Torr of argon gas pressure and also along the target surface 
normal. The enhanced diamond like character of the deposited films at 1 Torr is attributed 
to the higher energy of the vaporised plume species. The larger temperature of the plasma 
increases the probability of transition from graphite to diamond giving DLC. The relatively 
larger value of the exponent of the cosine function fitted to the measured ion density at 
various angular positions at 1 Torr argon gas gives the forward directed nature of the 
deposition process. To siun up, our film deposited at 1 Torr argon gas pressure can well be 
correlated with the laser ablated plume characteristics. 
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CHAPTER I 


INTRODUCTION 

Last several years have seen a phenomenal growth of a large number of thin film 
deposition processes. Various thin film deposition techniques which have been reported 
include evaporation,*’^ sputtering,^’'* ion beam deposition,^'^ e-beam de|>osition,* plasma 
enhanced chemical vapor deposition,^’*** laser induced chemical vapor deposition,** 
molecular beam epitaxy*^ and laser ablation deposition*^ etc. Of all these available 
deposition techniques, laser ablation deposition (LAD) technique is rapidly proving to be an 
effective method for the preparation of a variety of thin films due to its several potential 
advantages over other conventional deposition techniques. Since its introduction in 1965 by 
Smith and Turner,*'* it has been used to deposit a variety of materials including metals, 
semiconductors, superconductors and insulators etc.*^ The success of LAD in fabricating 
high quality high Tc superconducting thin films has tremendously enhanced the interest in 
the research and development in this area. Laser ablation deposition offers the following 
several advantages over the other conventional physical vapor deposition techniques: 

1. It can be used to deposit the thin films of almost any material, irrespective of its optical 
properties,*^ because under high power laser radiation most of the materials turn 
optically opaque by an optical breakdown. 

2. Compositional fidelity is often achieved between the target material and the deposited 
film which makes it attractive for fabricating stoichiometric multicomponent films. *^’*’ 

3. It offers very high instantaneous growth rate. Growth rate of pulsed laser deposited CuNi 
films as high as 800 nm/sec have been reported which is substantially higher than the 
growth rate of 10 nm/sec obtained during sputter deposition.*® 

4. Deposition can be carried out even at relatively lower temperatures due to very high 
kinetic energies of the plasma species.*’ 

5. The process is relatively simple, inexpensive and free of contamination. 

6. Possible to obtain high density films with good adhesion due to the presence of energetic 
species during the deposition process. 

There are, however, certain drawbacks associated with LAD.^**’^* Foremost of these 
are the formation of particulates,^** inhomogeneities of deposition rates resulting from Cos** 



profile of the ablation plume, relatively small area deposition etc. These problems arise not 
only from the material specific properties but from the incomplete understanding of the 
control parameters. Although the results available on LAD seems to be exciting and the 
^plication of LAD is ahead of its comprehension, thus for many results have been obtained 
by trial and error approach. The laser ablation deposition process is very complex in nature. 
In practice the formation of good quality films is rather difficult as it requires the 
optimization of various processing variables such as laser irradiance, laser wavelength, laser 
pulse width, ambient pressure, target-substrate separation and substrate temperature 
simultaneously. It is therefore, necessary to understand the mec hanism of laser-surface 
interaction both experimentally and theoretically in order to produce the high quality films 
using pulsed laser deposition. 

In laser ablation deposition process, an intense laser beam vaporizes a solid target 
surface and a thin film is deposited onto a suitably placed substrate. The laser heating of the 
target surface plays a major role in the particle generation. The peak power density on the 
target reaches very high so that the process involved in laser ablation is quite different from 
that in ordinary vacuum evaporation where the thermal equilibriiun is maintained. The non- 
equilibrium nature makes laser ablation technique a unique for thin film deposition. In 
general, LAD consists of various consecutive processes separated in space and time such as 
energy coupling to the target material, removal of the material from the target surface, 
transfer of the target material as vapor and/or plasma to the substrate via gas phase and the 

subsequent growth of thin film. Each of these processes plays a dominant role in defining 
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the quality of the deposited films, the major role being of laser produced plasma. 

Laser-solid interaction depends strongly on laser and interaction parameters (laser 
wavelength, laser irradiance, pulse waveform, irradiated spot size, angle of incidence etc.), 
material characteristics (composition, optical and thermal properties etc.) and environmental 
conditions (pressure, acceleration etc.).^^’^^'^^ Depending on laser power and pulse duration 
the laser created plumes consist of atoms, ions in the highly excited states or clusters. The 
characteristic features of the laser ablated plumes such as temperature, density, velocity, 
pressure and forward directed nature mainly depend on laser irradiance^^ and surrounding 
ambient conditions. Laser induced plasma at low laser irradiance ~10* - 10^ W/cm^ is mostly 
used for pulsed laser deposition of thin films e.g. diamond like caibon,^*^’^^ high T^ 
superconductors,^*’^^ metallic films,^°'^^ polymeric films,^^’^'* microelectronics and 



optoelectronics, for production of clusters e.g. carbon,^^ sodium,^^ aluminum^* and 
copper, nanostructures and for surface temperature measurements/^ The recent 
applications of laser ablated plasma at high laser irradiances 10^ - lO’^ wW include as a 
source of x-rays, VUV continuum^^ and highly charged ions,^^ for the generation of laser 
oscillations, ’ ^ hydrodynamic studies of plasma,^^’^^ modeling of various processes in space 
physics^' and studying laser-plasma interaction in presence of an ambient gas/^'®^ 

The laser produced plasmas from different targets have been extensively studied/^ 
The temporal and space resolved studies of various ionic species of carbon generated from a 
polythene film using a pulsed ruby laser have been reported by Boland et al/^ Mann and 
Rohr have investigated the angular variation of the kinetic energy of various ionic species 
of carbon. Angle resolved velocity distribution of neutral copper atoms created by UV laser 
ablation of polycrystalline copper foils have been reported as a function of laser fluence.“ 
Recently a planar laser induced fluorescence has been developed by Zerkley and Sappey^ to 
determine the ground state atomic density in laser produced plasmas in ambient atmosphere. 
Intensities of both emission®^’^ and absorption lines^’’^* have been extensively used to 
quantitatively monitor the spatial variation of ions and neutrals within the plume. The line 
shapes of the emission lines are very sensitive to local plasma conditions such as 
temperature, pressure and electron density and hence are being used to study the plasma 
parameters.^®’^^ Use of Stark broadened profiles of selected transitions to estimate electron 
density has been reported. ’ ' The role of several interaction processes such as collisional 
interaction, recombination, charge exchange and micro-instabilities etc. in line emission 
enhancement and understanding the hydrodynamics of the expanding plasma have been 
studied extensively. Fast photogr^hy and ICCD imaging technique has been applied to 
investigate the dynamics of the laser ablated species in ambient gas.^^'** Ion probes are 
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extremely useful diagnostics for the flowing laser plasmas such as those used in LAD. 

Ion probes, being flux sensitive, record only the flux of ions reaching the probe and are 
therefore very useful in the presence of background gas. Experimentally measured values of 
various parameters are essential input for comprehensive compute modeling of pulsed laser 
deposition plasmas.®^ There are reports on the study of the interactions of a hot expanding 
laser plasma with a low density background gas. * * The influence of magnetic field on 
the laser generated plumes is also being studied.^^ The sigmficant changes in the laser 

91 92 

ablated plume have been investigated at various magnetic field strength. 



Despite the variety of applications of laser created plasmas, the exact nature of the 
plasma process is not very well understood. The direction of the laser ablated plume and its 
angular spread depends on various laser parameters, target parameters and ambient 
atmosphere. Studies have shown that the angular distribution of the laser generated 
plume is strongly forward peaked and is always oriented along the target surface normal for 
normal angles of laser incidence. However, there are reports on the tilting of the. plume 
towards the direction of the incident beam for non normal angles of laser incidence.^^ The 
effect of laser pulse width, laser wavelength and laser fluence on the angular distribution of 
the depositing plasma species onto a substrate has also been reported.^^ The knowledge of 
the spatial and angular distribution of the plasma species can provide a better understanding 
of the LAD process.^* 

The increasing number of studies on laser ablation at low/moderate (10^-10^ W/cm^ ) 
regime and its application to laser ablation deposition in thin film production has led to 
considerable progress in understanding the laser ablation of carbon. In particular, carbon 
based materials have attracted a great interest from the scientific community because of the 
variety of electronic and structural properties exhibited by its allotropic forms. Moreover, 
thin carbon films show interesting characteristic from the technological point of view and 
efforts are concentrated on the understanding of the mechanism of structural changes in 
carbon thin films depending on preparation conditions. The growth of hydrogen free 
diamond like carbon (DLC) from laser ablation has attracted much interest due to the fact 
that these films possess properties close to or similar to diamond. These properties include 
transparency in the infrared (ER), high micro hardness, high electrical resistivity, high wear 
resistance, low friction coefficient as well as excellent chemical inertness. A variety of 
applications of DLC films are anticipated in microelectronics, optics and tribology industry. 
In general, DLC films are characterized by two structures hydrogen-free amorphous carbon 
(a-C) or hydrogenated amorphous carbon (a-C:H) with domination of tetrahedral bonding. In 
amorphous DLC, there are some graphite-like sp bonds together with diamond-like sp 
bonds.^ The ratio sp^ /sp^ determines film properties which can vary over a broad range 
depending on preparation conditions. Presently DLC films are being deposited using variety 
of laser ablated materials such as polycarbonates, PMMA and frozen acetylene 
targets. Various diagnostic techniques for characterizing DLC films have been 
reviewed by several investigators.'^^’^*^^ Generally, the morphologies of the DLC films have 



been determined using optical microscopy, electron microscopy methods including scanning 
electron microscopy (SEM), transmission electron microscopy (TEM) and probe scanning 
microscopic technique of scanning tunneling microscopy (STM). Recently the atomic force 
microscopy (AFM) imaging'*^ has been used to study the surface morphology of the laser 
deposited DLC films. The observation of diamond crystallites in the thin fi lms prepared by 
laser ablation of fullerenes has been studied using micro- Raman, x-ray diffi’action and 
electron energy loss spectroscopy (EELS).’°^ 

The studies on laser produced carbon plumes at low irradiance (~ 10* -10^ W/cm^ ) 
have shown dominance of molecular C 2 species in the plume. However, the irradiance 
greater than 10^ W/cm^ yields atoms, ions and higher clusters. Most of the reports’°^’"° in 
the literature on the formation of high quality diamond like films are available only above a 
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critical threshold irradiances ~ 10 W/cm and in the range 10 -10 W/cm where molecular 
C 2 is a most dominant specy.''*'*^'^ It has been widely claimed that the C 2 specy plays a 
major role in the formation of diamond.' The laser ablation of diamond films has also 
shown that C 2 is the dominant desorbed species."®’"^ C 2 molecule possesses seven known 
triplet and six known electronic states giving rise to nine band systems which lie across the 
vacuum ultraviolet, visible and infrared spectral regions."* The Swan system is the strongest 
and most easily excited system lying between 420 and 770 nm."’ In a recent systematization 
of the energy level scheme and nomenclature for the C 2 molecule, Herzberg et al assigned 
the notation (d^rCg -d^TCy) for the Swan system. Figure 1 shows the energy level diagram of C 2 
Swan bands. Chen et al' have studied the optical emission of C 2 bands in Ar+-H 2 ambient 
mixture while depositing the films. Laser induced fluorescence (LIF) and Langmuir probe 
characterization of the laser vaporized carbon plasmas for deposition of DLC have shown 
that the yield of C 2 and the kinetic energy of the species being deposited essentially defines 
the diamond like character in the film.'^° Therefore, the estimate of the temperature and 
yield of dominating species C 2 niay help in understanding the deposited films. Several 
investigators have estimated the rotational and vibrational temperatures using C 2 Swan band 
emission.'^'’'^^ The studies on C 2 and CN emission from laser ablated polymers have also 
been performed. Molecular copper emission from laser ablated plasma at low irradiance is 
also reported.'^'' Carbon molecules are particularly very interesting due to their unique and 
fascinating structural and spectroscopic properties and their importance in astrophysical 


processes. 
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Fig. 1 . Partial potential energy diagram for Ca Swan bands. 
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The study of carbon clusters (fullerenes) has attracted attention since Kroto et al^^^ 
discovered them in 1985 and Kratschmer et succeeded in synthesizing it in 1990. The 
discovery of conductivity in alkali metal doped (and C,o ) and superconductivity in C^o 
doped with K (T^. = 18 K), Rb (Tc = 28 K), and their alloys has added further excitement in 
Cfio thin films. The fabrication of C^o thin films attracts attention not only because of their 
basic properties but also for their possible apphcation to electronic devices such as solar 
cells. Creasy and Brenna*^^ have observed fullerene ions firom laser ablation of DLC films 
demonstrating that C^o ions can be formed in a variety of systems. Prasad et al'^° reported 
the presence of Cgg, C 70 and Cg 4 fullerenes in the carbon soot firom laser ablated carbon in 
vacuum. Cgg thin films on various substrates using laser ablation of carbon in argon and 
helium atmosphere has also been reported.*^*’'^^ Pure fullerenes are presently being studied 
as precursors for nucleation of diamond thin films. The formation of C^o from sintered 
SiC solid using pulsed KrF excimer (248 nm) laser ablation has been demonstrated. The 
relative abundance of these and smaller clusters in a laser produced plasma depends on 
various experimental parameters such as laser wavelength, laser intensity and background 
gas etc. However, the dynamics of formation of carbon clusters in particular C^o and C 70 is 
still not well understood. Carbon clusters play important role in the chemistry of cometary 
and stellar atmospheres.'^^ Various investigators'^^’'^^ have observed the physical and 
chemical properties of the even numbered carbon clusters. Their unique properties lead to 
the hypothesis that these clusters possess closed spherical structures. C^o, the third major 
form of pure carbon is shown to have most symmetrical structure as a truncated icosahedral 
with 12 pentagons and 20 hexagons. A comprehensive review of higher carbon clusters has 
been given by Diederich et al.'^* The structural and chemical properties of pure C^o and C 70 
has been determined using nuclear magnetic resonance and x-ray diffraction methods. 
Raman scattering and energy-dispersive x-ray spectroscopy has also been used to study the 
transformation induced in Cgo single crystals and thin films by laser irradiation under 
different chemical environments.'^^ Recently the mechanical and elastic properties of Cgo 
and C 70 films have been determined using broad band surface acoustic wave spectroscopy. 

To understand the formation of stable fullerenes, a ring-stacking model has been proposed 
by Wakabayashi and Achiba.''*' They assumed that a carbon cage is formed by sequential 
stacking with appropriate numbers and combinations of only even-numbered carbon rings 
without any loss of carbon atoms. They showed that C 2 is a necessary and dominant 



molecule for the formation and closed caging of fullerenes. Recently Gruen et al^^^ reported 
obtaining C 2 and C 2 species by fragmentation of C^q in a microwave discharge in a 1 Torr 

argon atmosphere. Weiske et have reported the fragmentation of C^q and Cjq to C„ 

(n=2, 4, 6, 8) on collision with H 2 , D 2 and Ar. The knowledge of the nature of the 
fragmentation process of fullerenes is helpful in understanding the deposited fi lms . 

The films with complex composition using laser ablation deposition are being grown 
in an ambient atmosphere. Laser ablated carbon plasma in the presence of an ambient gas 
has been used for the deposition of on various substrates.*^* The deposition of high 
purity TiN films on a cold silicon substrate from a multipulse excimer laser irradiated 
titamum target at a low pressure ambient N 2 gas has been reported.*^ Pulsed laser deposition 
of YBa 2 Cu 307 .x in a diluted O 2 /Ar atmosphere has been shown to produce superior 
particulate free films. A strong correlation between the ambient pressure and target- 
substrate distance has been derived for the optimum deposition of superconducting thin 
films.*"*^ Recently the surface roughness of the laser deposited SrTi 03 films has been shown 
to increase with increase in ambient pressure.*'*^ It is shown that the presence of the 
background helium gas enhances the formation of carbon clusters. Epitaxial semiconductor 
alloys and superlattices with continuously variable composition have been fabricated by 
LAD in a low pressure background gas.*'*^ The physics and chemistry of the gas phase 
greatly influences the transfer of the target material and the film deposition by interaction 
with the gaseous particles. Recently the preparation of diamond-like carbon films from a 
polymethyl methacrylate (PMMA) target in presence of hydrogen gas has also been 
reported.****^ The incorporation of N 2 during thin carbon films deposition is found to degrade 
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its DLC character with an improvement in interface adhesion and mtnnsic stress. 

The laser wavelength used for laser ablation deposition is a critical parameter for 
laser ablation as it defines the effectiveness of the absorption of las^ power onto the target. 
The effect of laser wavelength on the plume angular distribution has been investigated 
showing broader angular distribution with ER. wavelengths than those obtained with 
wavelengths in visible and UV.^^ It has been claimed by various groups^"^^’^ ^ that the use of 
shorter wavelength leads to the growth of stoichiometric films with better superconducting 
properties for the YBaCuO compounds. The reduction in particulate size and density has 
been reported using UV laser wavelengths. The correlation of laser wavelength on the 
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microstructure of the deposited carbon films has also been reported by Murray and Peeler. 



They have shown that the nature and the kinetic energy of the carbon plasma species are 
highly dependent on laser wavelength. Various researchers‘°^’'°’’'°®’"°’'^^-^^^ have used 
different lasers such as ArF (193 nm), KrF (248 nm), XeCl (308 nm), Ruby (694 nm), 
Ti:Sapphire (780 nm), Nd:YAG (1.064, 0.532, 0.355 pm) and cw CO 2 (10.6 pm) etc. for 
depositing thin diamond like carbon films at various laser irradiances. It is presumed that an 
effective combination of laser wavelength and the irradiance results in an effective coupling 
of incident photon energy to the target material and enhances the plasma kinetic energies 
leading to higher volume firaction of sp^ bonded carbon atoms. 

The other parameter that plays an important role is the choice of the substrate. An 
atomically flat and chemically compatible substrate is essential for growing high quality 
ultrathin films. The effect of substrate bias field has been examined during pulsed laser 
deposition of germamum and carbon films.^^’*^^’*^^ Sato et al'^^ applied a negative bias to the 
substrate to accelerate ions and thereby improve the diamond-like character of the fi lms . 
Wagal et al'^^ used a Faraday cage with a biased entrance grid to extract and accelerate ions 
firom the plasma plumes and deposit optically uniform DLC films. Krishnaswamy et al^^‘ 
developed a hybrid technique for depositing uniform and homogeneous DLC films by 
placing a ring electrode between the graphite target and the substrate which is capacitively 
coupled with the target. Pappas et al**^^ have also demonstrated the deposition of DLC fi lms 
on biased substrates with a high percentage of sp bonds estimated by electron energy loss 
spectroscopy (EELS). The influence of substrate temperature on film structure has also been 
investigated. Sato et al'^^ have shown a temperature of 50° C to be optimal for DLC 
formation. Recently a transition temperature of 150° C firom graphite to diamond has been 
reported by Leppavuori et al.^^ More detailed studies by Cuomo et al^^^ have shown that the 
films deposited have DLC structure at room or lower temperatures while film deposited at 
elevated temperatures are graphitic in structure. There are also other process parameters such 
as pulse duration, pulse repetition rate, beam angle with respect to the target surface normal, 
target rotation speed etc. Usually, these are either fixed for particular type of laser or 
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optimized to minimize "cone" formation, however. 

In general, the properties of the carbon films prepared by laser ablation deposition 
range firom soft and graphitic to hard and diamond-like depending on laser power, 
wavelength and background gas. Several types of laser with the laser intensities ranging 
from 10® - 10*' W/cm^ have been used in the deposition of diamond like carbon 



Recently the deposition of DLC films using high power 
Ti: Sapphire laser has also been reported. Figure 2 shows a comparison of different DLC 
films deposition studies available in the literature. The figure shows that there is a 
wavelength/irradiance range for the laser ablation deposition parameters favorable for the 
formation of DLC. The dashed line corresponds to the achievement of a certain energy of the 
ablated carbon species. In spite of the rough character of the given estimate it shows that 
there are certain ratios of fluence to laser wavelength beyond which DLC formation is 
observed. As is obvious from the figure, smaller fluences are required for short wavelength 
laser to reach in the region of DLC formation. 


Present Work 


We have deposited carbon films using laser ablation of graphite in presence of 
helium and argon gas at various pressures and attempted to correlate their formation with the 
characteristics of that of laser produced carbon plasma. The results on the theoretical 
modeling of the laser ablation deposition process in the presence of an ambient gas are also 
discussed. The results on the diagnostics of laser ablated carbon plume for thin film 
deposition along with the deposited films characterized using several techniques are also 
presented. 

Chapter II presents the experimental techniques developed in the present work. In 
chapter III, we report on the modeling of the laser ablation deposition process in an ambient 
atmosphere. Various plasma parameters such as temperature, density and velocity of the 
plasma species are estimated in order to correlate and understand the deposited films. 

Chapter IV describes the results on the diagnostics of the laser ablated carbon plasma 
used for thin carbon films deposition in presence of helium and argon gas. The carbon 
plasma was characterized using optical emission and ion probe diagnostics. The optical 
emission from the plume was found to be dominated by various atomic/ionic species at 
moderate laser irradiance (10^ - 10*^ W/cm^). Assuming local thermodynamical equilibrium 
(LTE), the electron temperature for C II species was estimated using intensity ratio of the 
emission lines. Stark broadened profiles of C II transition at 3p - 4s at 392.0 nm were 
used to calculate the electron density. The temporal profiles of C II specy were used to 
estimate the velocity of the plasma front. At low laser irradiance (10 - 10 W/cm ), the 
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Fig. 2. Laser wavelength and irradiance used to produce dianaond like carbon films 
by several investigators. The dashed imaginary line indicates the region of 
DLC formation. 




molecular C 2 dominated the plasma emission. The presence of an ambient gas increased the 
intensity of the emitted spectra. The vibrational temperature calculated using C 2 Swan band 
heads intensity was found to be in the range 6000-12000 K. The vibrational temperature 
increased with decrease in laser wavelength. The vibrational temperature decreased with 
increase in helium gas pressure, however, in presence of argon gas it peaked at 1 Torr of 
argon gas. The temporal profile of C 2 in presence of helium gas showed double peak 
behavior beyond a certain distance fi'om the target surface. The slow peak follows the drag 
model and is attributed to the formation of shock waves. The space and angle resolved 
studies of the plume were performed using ion probes. The temperature, density and velocity 
of the plasma was estimated at various angular positions with respect to target surface 
normal, distance jfrom the target surface and ambient gas pressure. The ion densities 
obtained at various angular positions were fitted to the cosine function and the exponent was 
found to be highly dependent on ambient gas pressure. The temperature and the velocity was 
found to be maximum along the target surface normal and decreased with increase in angle. 

In chapter V, the results on the characterization of the deposited thin films in ambient 
atmosphere using scanning electron microscopy, x-ray diffraction, transmission electron 
microscopy, micro-Raman spectroscopy and resistivity measurements are presented. The 
films deposited in presence of helium revealed the increasing dominance of C^o with 
increase in helium gas pressure. The fihn deposited in presence of argon gas gave diamond 
like carbon at 1 Torr of argon gas pressure. 

Chapter VI summarizes the results of the present work. 



CHAPTER II 


EXPERIMENTAL TECHNIQUES 

An overview of various techniques used for thin film deposition, soxirce of the laser 
ablated plasma and its role in LAD thin film deposition is described in chapter 1. We have 
carried out an extensive study of laser ablated carbon plasma used for thin film deposition 
with the aim to correlate the growth of thin films with that of plasma 
characteristics/'*’*^’' Thin carbon films deposited on glass and silicon substrates at 
various ambient gas pressures were characterized using various diagnostic techniques.""’’*^ 
Various experimental techniques used/developed for this work are described in the present 
chapter. 

We have used NdiYAG (Spectra Physics, Model DCR-4G) laser and its harmonics 
for laser ablation. It delivers energy upto 1 J in 2.5 and 8 ns (FWHM) pulse at fimdamental 
with a repetition rate of 10 pulses per second. The pulse width of the harmonics scales as 
1.06 pm pulse width divided by V2. The laser beam has a Gaussian limited mode structure, 
the beam divergence being less than 0.5 mrad. The energy of the laser was monitored using a 
laser power meter (Ophir Model 30A) by placing the meter in the path of the main beam. 
Laser energy was varied by changing the voltage on the laser oscillator and amplifier. Bum 
patterns taken at different energies show no sigmficant variation in the mode pattern. The 
pulse duration was measured using a fast photo diode (Antel, Model AS-2, rise time <35 
ps). The output from the detector was displayed on the storage oscilloscope (Iwatsu, TS- 
8123) with a 50 G terminator which was triggered externally with a Q-switched synchronous 
pulse firom Nd:YAG laser. The output signal was fed to a personal computer for further data 
processing. A typical temporal profile of 8 ns (FWHM) pulse at 1.06 pm and 1.8 ns 
(FWHM) at 0.532 pm corresponding to 2.5 ns (FWHM) at fundamental as shown in figure 3 
(a) and (b) respectively. In figure 3 (b), the two peaks around the main pulse are equally 
spaced beats. The separation between the beats is the cavity round trip transit time. Vanous 
harmonics were generated using KD* P crystals. The prism harmonic separator (PHS) is used 
for separating second, third and fourth harmonics firom the fundamental. The layout of the 
prism harmonic separator is shown in figure 4. To separate out the haimomcs fi-om the 
fundamental, the Pellin-Broca prism (P-1) was adjusted so that the incident beam passes 
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Fig. 3. Typical temporal profile of the Nd:YAG laser (a) 1.06 ^im, 8 ns (FWHM) 
(b) 0.532 p,m, 1.8 ns (FWHM). 






P-1, P-2, P-3, P-4, and P-5 are Prisms; A/2 is Half-wave plate. 


Fig. 4. 


Prism Harmonic Separator (PHS). 


through the centre of it and directs 1.06 and 0.532 |nm beams through the roof prism (P-2) 
into the beam dumper. It was ensured that the 0.532 pm beam also passes through the centre 
of the halfwave plate. The prisms P-4 and P-3 were inserted in the path of 1.06 and 0.532 
pm to get the separated outputs from the output windows. In order to separate third 
harmonic from the fundamental (1.06 pm) and second harmonic (0.532 pm), the prism P-1 
was adjusted until 0.355 pm beam passes through the centre of the half wave plate and 
strikes the metal plug next to the beam dumper. Output was taken by moving p rism P-3 into 
the path of 0.355 pm beam so that it passes through the centre of the output window. The 
fourth harmonic (0.266 pm) was separated from the other three hannonics after replacing the 
prisms P-1 and P-3 by quartz prisms. The quartz prism P-5 acts as roof prism P-2 in 
directing the fourth harmonic onto the output prism P-3 which was adjusted to get the beam 
at the centre of output window. While looking for harmonics care was taken to direct the 
unused fundamental and second harmonic beam into the beam dumper. 

CHARACTERIZATION OF LASER ABLATED CARBON PLUMES 

Laser ablation deposition process involves the formation of laser-induced plasma and 
the subsequent deposition of plasma species on a substrate. The optimization of the plasma 
parameters during thin film growth may act as an in-situ diagnostic to obtain the films of 
desired properties. Hence the study of the plasma plume during the thin film growth is 
essential for better understanding of the deposited films. Table 1 shows various diagnostic 
techniques used for studying plasma parameters such as electron temperature, electron 
density, ion density and velocity of plasma species. We have used the optical emission and 
ion probe diagnostics to characterize the laser created plasma for our work. 

1. OPTICAL EMISSION DIAGNOSTICS 

Optical emission spectroscopy has been widely used as a diagnostic during the 
deposition of thin fi lms by laser ablation. Spectral analysis of plasma emission in the process 
of laser deposition of thin films gives the information about plasma composition, the energy 
content of ablation product and the dynamics of plume species which can lead to 
understanding of the laser ablation phenomena. Investigation of the optical emission of the 



Table 1 


Various techniques used for LAD plume diagnostics 


Optical Emission Spectroscopy®^’ ®®’ 

Ion Probe Measurements®^’^"* 
Laser-induced Fluorescence®"*’ 

Time of Flight Mass Spectrometry^*’ ®®’ ’®"*’ 
Absorption Spectroscopy ®®’ 

Photography and Imaging ^*^* 



plasma plume also gives information about the spatial and temporal evolution of the species 
produced, such as excited atoms, ions and molecules during laser target interaction. Hence 
the study of the optical emission from the plume along with the film deposition helps in 
optimizing the film quality and uniformity. 

The interaction chamber and the experimental configuration used for the optical 
emission diagnostics of laser ablated plume for thin carbon film deposition is shown in 
figure 5. The laser beam was focused onto the spectroscopic grade pure graphite target rod 
attached to the target holder in the chamber. The target rod was continuously rotated and 
translated with the help of an external stepper motor so as to allow each laser pulse to 
interact with the fresh target surface. The interaction chamber is made up of mild steel with 
eight output ports. One of the output ports is used for laser entrance and the two 
perpendicular ports were used for recording the optical emission from the ablated plume. 
The interaction chamber was evacuated to a pressure better than 10'^ Torr using a 
rotary/diffusion pump. The gas was fed into the chamber from the gas cylinder through a 
needle valve connected to the interaction chamber. Experiment was carried out in presence 
of helium and argon gas at various pressures ranging from 10’^ - 100 Torr. The chamber was 
purged several times before filling any gas into it for performing the experiment. The 
pressure in the chamber was monitored using a thermocouple gauge, oil manometer and a 
pressure gauge (0-760 Torr). The plasma radiation emitted from the target was imaged onto 
the entrance slit of monochromator (Jobin Yvon, HRS-2) with a lens of focal length of 16 
cm so as to have one to one correspondence with the plasma and its image onto the slit of 
monochromator. The monochromator was continuously tuned using a microprocessor 
controlled scan system.^*^^ The output from the monochromator was detected with a photo 
multiplier tube (Hamamatsu, IP28) and recorded on a strip chart recorder or displayed on the 
screen of the storage oscilloscope (Iwatsu, TS-8123) interfaced with PC. The recorded 
optical emission data is used to evaluate the electron temperature using the emission lines 
intensity ratio, electron density using Stark broadened profiles of a transition and the 
vibrational temperature using the intensity of Swan band heads. 


Thermocouple 



Printer 


Fig. 5. Schematic of the experimental arrangement for the LAD plume optical 
emission diagnostics. 
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Electron Temperature 

Various methods of calculating electron temperature using spectroscopic 
observations are described in the literature.^®^’^*^ We have used the relative intensities of the 
spectral lines from a given ionization state for estimating electron temperature. Assuming 
plasma in local thermodynamic equilibrium (LTE), the electron temperature can be 
estimated using, 
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where and are the excitation energies of the lower and upper levels, respectively. 
and Is^ are the intensities, 4' ^nd g^ are the statistical weights, Pl’ and are the transition 
probabilities and yl' and yl are the wavelengths of various transitions. Icb and Te represents 
the Boltzmann constant and electron temperature, respectively. The slope of the curve E^ - E^'^ 
against [In yl' ^ I \i yl A^^)] gives electron temperature. The parameters used for 
estimating electron temperature are available in the literature.^®^ The measured electron 
temperature using intensity of C 11 species in our work lies between 1-9 eV. 

Electron Density 

The Stark broadened profile of a transition for which the Stark-broadening 
parameters are available in the literature, can provide electron densities of the plasma. 
Stark-broadening arises due to the coulomb interaction of the emitted species with both the 
electrons and ions expanding in the plume. The line profiles were recorded keeping the 
monochromator resolution to maximum. Observed lines were fitted to Lorentzian profile 
with true half width being given by,®^’^°^ 

^^rue ~ ^observed ' ^instrument 


where AX of a line (FWHM) is given by 
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First term in the Eq. (3) gives contribution from electron broadening and second term is the 
ion broadening correction; W is the electron impact parameter which can be interpolated at 
different temperatures and A is the ion broadening parameter, both W and A are weak 
functions of temperature, Ue is electron density and No is number of particles in Debye 
sphere given by 


Nd= 1.72x 10^-^^^^^ (cm'^) (4) 

Eq. (3) is valid only if Nd ^ 1 and 0.05 < A ( ne /lO'^ < 0.5. Using our measured 

temperature of 6.25 eV and density - 4.27 x 10^^ /cm^ , we get the number of electrons in the 
Debye sphere equal to 41 and the parameter A(nc /lO*^ equal to 0.09. Thus the use of Eq. 
(3) for density measurement is justified. The ionic contribution to the broadening is observed 
to be much smaller and can be neglected in typical LAD plasmas.®^’^®^ Considering only the 
electron impact broadening, Eq. (3) further simplifies to 


AA, = 2 W 
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(5) 


We have used Eq. (5) for estimating electron density of C II transition (3p - 4s ^S) at 

392.0 nm in the plasma. Electron density using 0.355 \im laser wavelength is found to be 
10‘® - 10^* cm'^ . 


Plasma Expansion Velocity 

To calculate the expansion velocity of the plasma front, the temporal profiles of 
various transitions were recorded at different distances from the target surface. The slope 
of the curve for the variation of delay of the transient emission intensity maximum of plasma 
species versus the distance from the target gives the velocity of the plasma front. The 



expansion velocity of the C IT specy is found to be 1.2 x 10^ and 1.9 x 10^ cm/s in vacuum 
and 1 Torr argon gas respectively. 

Vibrational Temperature 


The vibrational temperature was estimated using C 2 Swan band head intensities."®* 
The relative population in each vibrational level Ny^ can be obtained using a theoretical 

Franck-Condon factor^®® Fy^ y' and the band head intensity observed at frequency v. 
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where C is a constant and represents the correction factor for the detection system, V and 
v^^ are the vibrational levels of the upper and lower electronic states respectively. Since in 
thermal equilibrium the population NV of the initial state is proportional to [-G(v^ )hc/ ks 
Tvib], we have 


Ny^ 

Ny = 0" 


exp 


'-rG(v )-G(v = 0)1hc 

kfi Tvib 


(7) 


where G(v^) is term value of the upper vibrational level v^, ks is the Boltzmann constant and 
Tvib is the molecular vibrational temperature. The relative population in each vibrational 
level are calculated using the Frank-Condon factor from Spindler.^ The relative population 
of the upper vibrational levels as derived from the measured intensities is plotted against the 
vibrational quantum number, the slope of the curve gives the vibrational temperature. The 
vibrational temperature was calculated at various laser energies and ambient gas pressures 
using various laser wavelengths. The estimated vibrational temperature lies between 6000 


and 12000 K. 



II. ION PROBE DIAGNOSTICS 


The ion probes are simple and extremely useful for in-situ diagnostics of the flowing 
plasmas for LAD. Ion probes provide the local mformation on plasma conditions unlike 
emission or absorption spectroscopy, laser-induced fluorescence or imaging techniques 
which are useful along the line of sight. The schematic of the expe rimental arrangement for 
the ion probe diagnostics is shown in figure 6. It consisted of a Langmuir probe made of 
tungsten wire of 0.6 mm diameter and a power supply. Figure 7 shows a schematic sketch of 
the probe. The port at an angle of 45° , figure 6, of the interaction chamber with respect to 
laser entrance port was used for ion-probe diagnostics. The probe to target distance could be 
varied continuously. The ion probe was connected through a teflon shielded wire to the 
power supply outside the vacuum chamber. The power supply consisted of a variable -180 V 
to +180 V DC supply. The probe circuit is shown in figure 7(c). Output signal due to the 
electron/ion current from the probe was fed to a storage oscilloscope through a 50 Q 
terminator. The digitized ion probe signals were fed to the PC for further data processing. 
The experiment was carried out at various argon gas pressures from 10’^ to 100 Torr and at 
various angular positions of the probe (0) with respect to the target surface normal (TSN). 
The angle between the ion probe and the target was varied by rotating the target about target 
holder axis. Immediately prior to each ion probe measurement, the probe tip was cleaned to 
avoid the contamination on the probe surface. The peak of the ion probe signal (Ip ) was 
plotted against the probe voltage (Vp ) to get Ip-Vp characteristics. A typical Ip-Vp 
characteristics of the ion probe is shown in figure 8. The electron temperature and ion 
density were calculated using Ip-Vp behavior of the ion probe. 

Electron Temperature 

The evaluation of plasma parameters from the ion probe characteristics depends on 
the shape of the probe, probe dimension and collision length etc. Assuming Maxwellian 
velocity distribution of the charge carriers, the total probe current (Ip ) flowing through the 
probe is given by^'° 



Thermocouple 
gauge ^ 



Fig. 6. Schematic of the experimental arrangement for ion probe diagnostics of the 
plasma plume. 
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Fig. 7. Sketch of the (a) ion probe assembly (b) power supply (c) ion probe circuit. 
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Fig. 8, Typical Ip -Vp characteristics of an ion probe. 
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Ip = I+o + leo exp 


eVp_"| 
kfi Te j 


( 8 ) 


where I+o > leo > Vp , e, Te represents the ion saturation current, electron saturation current, 
applied probe voltage, charge on the electron and electron temperature respectively. Below 
electron saturation current, Eq. (8) can be used to estimate Te by using the formula. 


Te = 


9 In (Ip-U 
9 Vp 


(eV) 


(9) 


The electron temperatures calculated lie in the range 10-60 eV depending on the ambient 
pressure.*^ 


Ion density 


The knowledge of the variation of the ion current with applied probe voltage offers 
the possibility to estimate the plasma ion density. Several ways of estimating ion density 
using ion probe characteristics are available in the literature.^’° The second derivative of the 
probe current with respect to the probe potential yields a straight line for cylindrical probes, 
the slope of the straight line gives the density. 


N. = 


4Tcm(-dIp /dVp) 




1/2 


( 10 ) 


where N, represents the ion density, Ap is the area of the ion probe, e the electron charge and 
m is the mass. The ion density calculated using Eq. (10) was found to be 10*°- 10’“* cm 



Velocity of Plasma Species 


The variation of the time of flight of the ions with distance from the target surface 
can be used to estimate the velocity of the ionic species. The delay m the maYimnm of the 
ion probe signal was plotted against the distance from the target surface, the slope of the 
curve gives the velocity of the ionic species in the plasma. 

DEPOSITION AND CHARACTERIZATION OF THIN CARBON FILMS 

A schematic of the experimental setup used for thin carbon film deposition is shown 
in figure 9. The laser radiation was line focused onto the graphite target enclosed in a 
vacuum chamber using a cylindrical lens of focal length 25 cm. The ablated carbon was 
deposited on silicon and glass substrates placed at 10 mm from and parallel to the target 
surface. The films were deposited at various helium and argon gas pressures ranging from 
10' to 100 Torr. The deposition time (20 minutes) was kept constant for all the deposited 
films. 

Various techniques used for characterization of the thin films are listed in Table 2. 
We have used Scanning Electron Microscopy (SEM), X-Ray Diffraction (XRD), 
Transmission Electron Microscopy (TEM), Raman spectroscopy and Resistivity of the films 
to characterize the deposited films. 

Scanning Electron Microscopy 

Sca nnin g electron microscopy is one of the most widely used analytical tool for 
studying the structure and surface morphology of the deposited films. We used Scanning 
Electron Microscope (JEOL, JSM 840A) to record SEM images of the deposited films. The 
system has a resolution of around 50 A° . The surface morphology of the deposited films 
showed a strong influence of the nature and the pressure of the ambient gas.^^ ’ The film 
deposited at 1 Torr argon gas showed the maximum nucleation density on the film surface 
which decreased with change in argon gas pressure on either side.*^^ 



zy 

Table 2 

Different methods used for thin film characterization 

Absorption and Luminescence*^^’ 

Optical Characterization Raman Spectroscopy 

Infrared Spectroscopy^*^’^^^ 



Photo Electron Spectoscopy (PES)^^*^’ 

Electron Spectroscopy 

Auger Electron Spectroscopy (AES)^^®’ 


Scanning Electron Microscopy (SEM)^^'^^^ 
Transmission Electron Microscopy (TEM)^^"^^^^ 
Atomic Force Microscopy (AFM)^^’ 

Analytical Electron Microscopy 

Scanning Tunneling Microscopy (STM) 

Electron Energy Loss Spectrometry (EELS)^*^’ 
Energy Dispersive X-ray Spectrometry (EDS)^^° 


X-ray Diffraction (XRD)^^‘-^^ 

X-ray Analysis 

X-ray Fluorescence (XRF)*® 


Secondary Ion Mass Spectrometry (SIMS)^^'^’ 

Ion Spectrometry and Microscopy 

Rutherford Back Scattering (RBS)®^’ 


Electron Spin Resonance (ESR) 

Magnetic Resonance Methods 

Nuclear Magnetic Resonance (NMR)’°^ 


Electrical Resistivity 

Electrical Characterization 

Electrical Conductivity 


Internal Stress and Adhesion 

Mechanical Characterization 

Hardness’®^ 

103 

Frictional Coefficient and wear 


Frictional Coefficient and wear 
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Fig. 9. 


Schematic of the experimental arrangement for thin carbon film deposition. 










Transmission Electron Microscopy 
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In TEM a thin solid specimen is bombarded in vacuum with highly focused mono- 
energetic beam of electrons. The beam has sufiBcient energy to propagate through the 
specimen. A series of electromagnetic lenses magnify the transmitted signals. The directly 
transmitted image is usually referred to as a bright field image, however, an image formed 
for the diffracted electron is referred to as the dark field image. Detailed micro-diffraction 
can be obtained by focusing the beam onto the area of the specimen under investigation. 
This is often referred to as Selected Area Electron Diffraction (SAED). We have used 
Transmission Electron Microscope (JEOL, JEM-2000-FX-II) to get the structural 
information of the deposited films. The diameter of the rings observed in the SAED pattern 
and the calibrated camera constant (XL) gave the d,at,ice - spacing of the plane. The d,att,ce - 
spacing calculated using the SAED pattern of the deposited film at 1 Torr argon matched 
well with that of diamond. 

X-ray Diffraction 

To get the structural information, XRD patterns of the deposited films were obtained 
using an X-ray diffractrometer (Rich-Seifert, JSO-debyeflex 2002) with Cu-Ka source. The 
diffraction pattern gives the maxima in the intensity of the scattered x-rays. The position of 
the maxima provides information about the size and the shape of the unit cell while the 
width of the maxima can be used to measure its stmctural properties such as the size, 
orientation and strain of grains in polycrystalline materials. Diffraction peaks observed at 
43.5° , 76° , 91.5° and 120° show the presence of (111), (220), (311) and (400) crystalline 
planes of cubic diamond.' *° 

Raman Spectroscopy 

Raman spectroscopy has emerged as a very important technique in the 
characterization of the carbon films due to its ability to distinguish different bonding types, 
domain size and its sensitivity to internal stresses. The intensity of the Raman peaks is 
directly proportional to the concentration of the scattering species which provides a basis for 



quantitative analysis. We used linearly polarized 514.5 nm (Argon ion laser. Spectra 
physics) laser radiation as the excitation source. The estimated laser power at the sample was 
20 mW, focused to a 30 pm spot. A Spex 1403 double monochromator coupled with a 
photon counting system was used to record the spectra. The recorded micro-Raman spectra 
for the carbon films deposited at various argon gas pressures using 0.355 pm laser 

wavelength showed the presence of two well defined peaks at 1350 cm * (D-line) and 1580 
cm'^ (G-line). 

Resistivity Measurements 

Two-point-probe method^^^ was used to measure the resistivity of the deposited 
films. Figure 10 shows the sketch of the experimental setup used for resistivity 
measurements. The sample holder was fabricated in house using Lawa stone. Two thin gold 
probes were used to make contact with the film surface. The separation between the probe 
was about 2 mm. The sample holder was surrounded by a canthal heating tape of 60 
resistance. The temperature was controlled by temperature controller (Indotherm, MPL-500). 
The complete sample holder assembly was kept inside the cryocan for low temperature 
measurements. The cryocan could go as low as -190° C with liquid nitrogen. A variable DC 
regulated power supply (Aplab, 0-1 OOV) was used for voltage (V) across the probes. The 
voltage was measured using Digital Multimeter (HIL, 2605). An autoranging picoammeter 
(Keithley, 485) was used to measure the current (I) flowing through the probes. The I-V 
behavior of the films was recorded at various temperatures in the range -190° C to +200° C. 
The temperature at the film surface was estimated with the help of K - type thermocouple. 
The I-V characteristics were used to determine the resistivity using the relation p=[VAs/IL] 
£2-cm where A* is the cross-sectional area (cm^ ) and L is the length (cm). 







CHAPTER III 


PHOTOABLATED CARBON PLUMES 


INTRODUCTION 

The laser produced plasruas in the presence of an ambient gas are being used to grow 
good quality films and nanostructures with superior properties relative to conventional 
manufacturing techniques. However, in practice the optimisation is rather difficult 

due to lack of physical understanding of the LAD process. The important steps of laser 
interaction with matter are laser energy transfer to the target, evaporation of solid material, 
generation of dense plasma and formation of charged and neutral species, and in case of 
pulsed laser deposition the interaction of ablated species with the substrate surface. Laser 
created plasma depends on several laser and target parameters along with the nature and 
pressure of the ambient gas.^^^ 

A physical understanding of the dynamics of vaporized plume is crucial to the 
process of depositing good quality films. The parameters defining the vapor plume 
conditions include its density, temperature, composition, spatial extent and duration etc. 
Various parameters for an optimum deposition process have already been discussed in 
chapter 1. The knowledge of the plasma parameters as a function of these control variables 
may act as an in-situ diagnostics to control the characteristics of the deposited films with 
desired properties. 

Various theoretical models are available in the literature to describe the material 
removal firom a solid surface by high power laser irradiation. The thermal models of 
Afanas’ev and Krokhin^^ and Olstad and Olander^^* are the early theoretical attempts to 
understand the problem of material removal using laser. An one dimensional steady state 
model describing the damage caused by vaporization and liquid expulsion due to the laser 
irradiation was also developed by Chan and Mazumder.^^^ All these models did not describe 
the behavior and dynamics of the ablated species. Wood and Giles^^^ studied the heat 
transfer and phase change during pulsed laser annealing process based on microscopic 
diffusion equations. Using finite difference method for solving the diffusion equations the 
temperature distribution, melting depth, duration of melting and melting fi'ont were 



calculated. Phipps et al developed a simple model to predict the ablation pressure and the 
impulse exerted on laser irradiated targets for laser intensities exceeding the plasma 
formation. Aden et al ^ discussed the laser induced expansion of metal vapor against a 
background gas pressure. Using a compressible gas dynamic model, they described the 
development of shock discontinuities in the plume. The model proposed by Singh and 
Narayan 3delded nonmaxwellian distribution of atomic and molecular species as well as 
the thickness of the deposited material as a function of target-substrate distance and 
irradiated spot size. However, the model is not applicable if ambient gas is introduced during 
deposition. A hydrodynamic model based on the behavior of a gas cloud created by transient 
desorption from a solid surface has been developed recently by Kools et The model 

describes an one dimensional expansion away from the sample and subsequently three 
dimensional expansion of a gas cloud generated by evaporation of more than a few 
monolayer of a solid in typical time scales of less than a hundred nanosecond. The model 
gives semiquantitative prediction of trends in angular distribution and velocity distribution 
under specified conditions. 

Gas dynamic effects are very important and play a leading role in determining the 
spatial and velocity distribution of vaporized material species. According to gas dynamic 
approach of Kelly et the collision between the ejectants during the initial expansion 

leads to a Knudsen layer (KL) or unsteady adiabatic expansion (UAE). The model describes 
various primary and secondary mechanisms taking place during the laser ablation and 
explains the results obtained for laser-pulse sputtering of PMMA and YBaCuO targets.^^° It 
has been shown that the angular distribution of laser generated flux is often much more 
strongly forward peaked than the flux obtainable from small area effusive source operative, 
under collisionless conditions. It was found that a few collisions per particles can lead to a 
marked increase in the forward peaking of the emitted particles. A semiqualitative model 
developed by Saenger^^* describes the spatial non-umfomuties in the composition of the 
pulsed laser deposited multicomponent target films. The propagation of the laser ablated 
plume in ambient atmosphere is a complex hydrodynamic problem. It has been shown that 
the plasma expanding against a background gas forms a shock wave. As the shock 
expands, more and more background gas is swept up by the shock. Since the laser ablation 
delivers a finite energy the expansion velocity decreases with increasing distance from the 
target. Various investigators have used drag/shock wave model to explain 



their own experimental results. Although the laser ablation in presence of background gas is 
gaining much interest the models describing the LAD process in ambient atmosphere are 
rare. The combined theoretical and experimental approach for laser ablation deposition 
process may help to understand various aspects of the deposition process such as collisional 
interaction between the particles in the plume and the background gas, interaction of the 
energetic species with the substrate affecting the film quality and the hydrodynamic behavior 
of the vapor/plasma during and after ablating pulse. 

In the present chapter, a numerical model for LAD of carbon in an ambient 
atmosphere is discussed. Dependence of various plasma parameters such as electron 
temperature, density and velocity of plasma as a function of time and distance from the 
target surface based on the model is presented. 

Physical Aspects of Laser Ablation Deposition Process 

Laser ablation deposition process can be divided into three different regimes: 

(1) Laser-target interaction resulting in the evaporation of surface layers (Evaporation 
regime). 

(2) Laser-plasma interaction leading to the formation of a high temperature isothermal 
expanding plasma (Isothermal regime). 

(3) Adiabatic expansion of the pliime and thin film growth (Adiabatic regime). 

Laser-Target Interaction 

The interaction of laser light with the target surface depends mainly on the incident 
energy density, duration, wavelength of the laser light and temperature dependent optical 
and theimophysical properties of the material. For low laser irradiation (~ 10^ W/cm^ ) 
the absorbed radiation appears as heat which is slowly distributed throughout the material by 
thermal diffusion. For conducting material the incident laser energy is absorbed within a 
skin depth. At slightly higher laser irradiation ( >10® W/cm^ ) depending on the thermal 
conductivity, thermal diffiisivity, reflectivity of the target material and the parameters of the 
laser pulse, intense local heating of the surface occurs resulting in a rise in surface 
temperature of the material. As the irradiation increases the temperature of the surface 



J/ 

increases and a molten pool of depth (D is formed, where D is thermal diffiisivity and 
Tl is the laser pulse duration time. The standard heat equation can be used to calculate the 
increase in temperature. A further increase in the laser irradiation will cause the surface 
temperature of the molten pool to reach the boiling point resulting in evaporation. This will 
happen when the energy deposited is approximately equal to the latent heat of 
sublimation 4 (J/kg) = II p;‘ where is the density of the solid target and IlIS 
the intensity of the laser irradiation. 

The removal of the material from the target surface by laser irradiation depends on 
the coupling of laser beam energy with the solid. The irradiation of the target surface by 
pulsed laser results in melting and/or evaporation of the surface layers. The quantities of 
interest determining the evaporation process are the optical absorption depth a‘* and thermal 
diffusion length Lj}, = ( 2D Tl ) , where a is the linear absorption coefBcient. If the optical 

absorption depth is much smaller than the thermal diffusion length, a’’ « L^j, the energy 
absorbed is not appreciably diffusible from the surface region but mostly used to excite the 
atoms and particles, consequently siuface heating occure. The amount of material evaporated 
can be calculated using energy balance considerations. The energy deposited by the laser 
beam on the target is equal to the energy needed to vaporize the surface layers, the 
conduction losses in the target and the losses due to the absorption of the laser energy by the 
expanding plasma. The thickness of the target material evaporated/pulse ( A x, ) is given by. 


(1-R)[E -(Conduction losses + Plasma losses)]= Axj [ Pj Cp A T + EAH] (1 1) 


where R, , Cp , AT and AH represents the reflectivity, mass density, heat capacity, 
temperature rise and volume latent heat of the target material respectively. Since 

AH » P 3 Cp A T , Eq. (11) gives 


Axt=(l-R) 


E-E^ 
AH . 


(cm) 


( 12 ) 


Here E* is the laser energy threshold. At higher laser energies Eq. ( 12 ) is no more valid due 
to the change in plasma losses and the variation in reflectivity. When ct » L^j, , thermal 
diffiisivity does not play a major role and the evaporation depth is dependent on the 





attenuation distance of the laser beam. It shows the logarithmic dependence of evaporated 
depth with laser energy. This regime is generally applicable for polymers and nonmetallic 
solids having low thermal diffusivity and absorption coefficient. The thickness (Axt ) of the 
evaporated material is an important parameter controlling the plasma absorption of the laser 
beam. 
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Laser-Plasma Interaction 

The interaction of the high power laser beams with the bulk target leads to very high 
surface temperature resulting in the emission of positive ions and electrons from the target 
surface. The flux of the electrons and ions can be predicted by Richardson and Langmuir- 
Saha equations respectively. The physical mechanisms involved in the penetration and 
absorption of laser energy by plasma depends on electron density, temperature as well as the 
wavelength of the laser light in general.^^^'^^° The dispersion relation for an electromagnetic 
wave travelling through plasma is given by 

co2-(ap^=k^c^ (13) 

where 0)p is the plasma frequency, (Op = ( 4 7t n<. e^ / me Hz, c is the speed of light, k is die 
propagation vector and ne is the electron density. For (O > (Op, k is real and the propagation of 
electromagnetic wave take place whereas for (O < (Op, k is imaginary and the wave is not 
propagated at all. At (O = (Op, the reflection of laser light occurs at the density called the 
critical density nc = [ m* co^ / 4 tc e^ ]. Most of the absorption of laser energy occurs at or 
close to Uc. For the third harmonic of Nd:YAG laser (355 nm), the laser frequency 
corresponds to 8.45 x 10^"^ s'* which gives the critical electron density equal to 9.0 x 
cm'^. This high value of Uc indicates that reflection losses of the laser beam from the plasma 
can be neglected. The laser light is absorbed in the plasma by an inverse bremsstrahlung 
process which occurs due to electron-ion collisions in the plasma. The absorption c<3efficient 
is given by. 


ap = 3.69 X 10® 


' Z® n,^ ^ 

Te°^V® 



(cm'^) 


(14) 


where Z, n, and Tg are respectively the average charge, ion density and temperature of the 
plasma, h, k 0 and v are the Planck s constant, Bolt 2 niann constant and the frequency of the 
laser light respectively. The laser light is highly absorbed if (Op z) is large, where z is the 
distance perpendicular to the target of the expanding plasma. The term [l-exp(-hv/kgTe)] 
represents the losses due to stimulated emission which depends on the plasma temperature 
and laser frequency. For 355 nm laser wavelength, the exponential term becomes unity for 
T« 40416 K and can be approximated by hv/kT for T » 40416 K. The absorption term 
shows a T dependence for low temperature and T^'^ for high temperatures. The 
dependence of frequency also changes from to depending on the value of (hv/kT). Eq. 
(14) shows that the rate of absorption depends on n,^ . The absorbed energy causes an 
increase in kinetic energy of electrons i.e., an increase in electron temperature and this in 
turn produces further ionization with a consequent increase in electron density. Hence the 
rate of absorption and with it the rate of ionization adjusts such that the electron density 
increases further and approaches a critical density at which plasma becomes opaque. 
However, plasma growth does not cease. Due to the high expansion velocity of the plasma 
leading edge, the electron and ion density decreases very rapidly with time thereby making 
plasma transparent to the laser beam. 

A schematic of the laser plasma-target interaction is shown in figure 11. The figure 
shows the four different regions during the incidence of the laser pulse : (A) uneffected bulk 
target, (B) evaporated target material, (C) dense plasma absorbing laser radiation, and (D) 
rapidly expanding plasma outer edge transparent to the laser beam. It is reasonable to 
asstime an isothermal temperature during the time of laser pulse for laser ablation 
deposition. A dynamic equilibrium exists between the plasma absorptidn and the rapid 
transfer of thermal energy into kinetic energy. These two mechamsms regulate the 
isothermal temperature attained by the plasma. At even higher density, when an appreciable 
amount of energy is absorbed by the plasma, a self regulating regime exist near the target 
surface. We can justify the formation of self regulating regimes as follows. If the absorption 
of the laser light by plasma becomes high (due to the lowering of temperature) the 
evaporation of the species fix>m the target becomes less, thus decreasing the density of the 
ionized species. Its consequence is the increase in the absorption of laser energy and the 
temperature of the plasma. If instead, the absorption of plasma is less, the process is reversed 
with similar results. It has been shown^*^' that the density, temperature and the plasma length 
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Fig. 11. Schematic diagram showing the different phases present during laser 
ablation of a target (A) uneffected target (B) evaporated target material (C) 
dense plasma absorbing laser radiation and (D) expanding plasma outer 
edge transparent to the laser beam. 
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adjusts in such a manner that it absorbs the same amount of incoming laser radiation. Also 
due to the small plasma volume, the radiation losses are negligible.^^ Hence, it is reasonable 
to assume that the plasma losses are insignificant for the condition of LAD. In the initial 
stages of plasma expansion, the particle density is high and mean free path of the particles is 
small, the plasma can be assumed to behave as fluid. The expansion of plasma can be 
simulated using the gas djnanuc equations, adiabatic equation of state and equation of 
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Here n is the number density, v is the velocity, P is the pressure and y ( = Cp / Cv) is the 
adiabatic exponent. The density of the plasma can be expressed as a Gaussian function given 
by 


Nxt 


n (X, y, z, t) - ^2 5 x(t)Y(t)Z(t) 


,2 -1 
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(19) 


where Nj is the total number of ablated species at t = Tl . The ev^ioration rate of the target 
material being constant, a linear increase in number of particles in the plasma during the 
laser pulse is incorporated in Eq. (19). We assume plasma as an ideal gas, the pressure at any 
point can be expressed as 


P (x, y, z, t) = n (x, y, z, t) ka T 


( 20 ) 
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It has been shown that the gasdynanaic equations follow similarity transformations^^ in 
which the velocity can be expressed as 



X dX(t) 
X(t) dt J 


r z dZ(t) 

Y(t) dt Z(t) dt 


( 21 ) 


Substitution of Eq. (19) and (21) into the equation of motion gives rise to the following 
condition, 


X(t) 


d^X" 
_t dt ■‘■'d?'. 
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( 22 ) 


where To is isothermal temperature of the plasma. Similar equations can be derived for the 
other two directions of expansion. To estimate the initial plasma expansion we have used 
Eq. (22). The initial dimensions Xo and Yo are taken as the laser spot size 130 |i,m while Zo 
is less than I |xm. It can be seen from the Eq. (22) that the expansion velocity and the initial 
acceleration are governed by the dimension of the plasma. During the initial expansion stage, 
when the velocities are small, the acceleration is very high. With an increase in expansion 
velocity, acceleration starts to, decrease and ultimately becomes zero resulting in an 
elongated plasma shape. Since the plasma dimensions are much smaller along the target 
normal than in the transverse direction, the expansion is anisotropic in nature. 


Adiabatic Expansion of the Plirnie 


After the termination of the laser pulse the injection of the particles into the inner 
edge of the plasma is stopped giving rise to the adiabatic expansion of the plasma. The 
thermal energy rapidly gets converted to kinetic energy giving higher expansion velocities of 
the plasma. As the number of particles in this regime remains constant, the density and 
pressure can be written similar to Eq. (19) and (20). The density n of the plasma becomes 


Nt 


" y- = V2 7t'-^ X(t)Y(t)Z(t) L ^ ^ ■ 2Z(t) 
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(23) 



The velocity expression remains similar to Eq. (21). Substitution of density, velocity and 
pressure into Eqs. (15) to (18) yields 
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where Xo , Yo and Zq are the dimensions of the plasma at t = Tl- Eq. (24) shows that the 
acceleration of plasma species depends on the temperature and dimensions of the plasma. It 
gives rise to the largest expansion in the direction perpendicular to the target surface giving 
forward directed nature of the LAD process. Solving Eq. (24) numerically gives the plasma 
dimensions and velocity. Figure 12 shows the variation of the plasma dimensions as a 
function of time. The calculations were carried out for graphite target irradiated with 
Nd:YAG laser (k= 355 nm, Xl = 5 ns and focal spot diameter = 260 ^im). The plasma 
dimensions are seen to increase in all directions with the expansion being larger along the 
target normal as compared to other directions. The dependence of the velocity of the plasma 
with time is shown in figure 13. The velocity first increases with increase in time and 
becomes constant at later time. The velocity is larger along the target normal in agreement 
with our experimental results. It indicates that the deposition of the film along the target 
normal may lead to optimum quality film. Also, the film deposition along the target normal 
is possible at longer distances due to its higher expansion along the target surface normal. 
Figure 14 shows the variation of plasma temperature with time. The temperature of the 
plasma remains constant during the time of the laser pulse and then decreases with increase 

in time due to the expansion of the plasma. 

Since LAD usually requires an ambient environment, the model presented above 
cannot be applied and needs to be modified. The laser ablation in the presence of an ambient 
gas may result in slowing of the plume relative to its propagation in vacuum, spatial 
confiinement and sharpening of the plume boundary indicative of shock front etc.^^^ 
Different diagnostics of the laser-matter interaction in presence of an ambient gas have 
shown that the plume interacts hydrodynamically with the background gas. A blast wave 
model has been used to describe the luminous shock front caused by the expansion of laser 

produced plasma.'"^’'^’’®®-’’’-"^^-^” However, a classical drag force model is used at low 
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background gas pressures such as those employed for LAD. 
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It has been shown by several investigators^'^’^®^^^ that the expansion dynamics of 
the plume during initial stages of expansion remains unhindered by the environmental gas 
and resembles free expansion in vacuum. We assume that the initial density distribution for 
ablation in gas corresponds to that in vacuum if the number of collisions between plasma 
species and background gas atoms are negligible and it is tme up to mean free path (m^) 
only. Hence the background gas will play a role after the mean free path which is given by 


mfp = 


kaT 

Tcr^Po 


(25) 


where T is the temperature of the gas, Pq is gas pressure and r is the sum of the radii of the 
colliding partners. During the expansion of the plume, the pressure within the plume 
decreases and approaches the pressure of the ambient gas (Po ) i-e., 

P(x,y,z,t) = Po. (26) 

The distance at which the above relation is satisfied gives the plume length, L? given by 

1/3t 
y-i" 

(Y" 1 ) £ Ep Vq (27) 

Pq J 




where Ep is the laser pulse energy, £ is the fraction of laser energy absorbed in the plasma 
plume, Vo is the initial volume of the plume, Po is the background gas pressure and ^ is the 
geometrical factor. The plume length is the distance after which the ambient gas can diffuse 
inside the plume. We assume that a classical drag force proportional to its velocity acts on 
the plasma plume in presence of background gas. A drag force term (-^v) where P is the 
slowing coefficient is introduced in Eq. (15). P is defined as Lp /Vo, Vo being the initial 
velocity of plasma. Assuming Maxwell-Boltzmann distribution function for density, Eq. (15) 
reduces to 

Vx = Vxo e 


( 28 ) 



where Vxo is the x-component of the velocity of the plasma after traversing a distance equal 
to mfp. Similar equations can be obtained for other directions also. 

The velocity of the plasma decreases in presence of an ambient gas with increase in 
time. The decrease in velocity depends on p which in turn depends on the ambient pressure. 
Figure 15 shows the variation of the plasma velocity with distance from the target surface in 
presence of argon gas at various pressures. The velocity of the plasma first increases with 
increase in distance and then decreases beyond a certain distance. The distance beyond 
which the velocity of the plasma decreases depends on the ambient gas pressure. It is seen to 
decrease with increase in ambient gas pressure. 

The film thickness t (x, y) at any point on the substrate can be calculated by summing 
up all the particles striking the substrate. It can be expressed as 


t (x, y) = / n(x, y, z) v(t) dt. . (29) 

0 

We have used Eq. (29) to calculate the film thickness. Figure 16 shows the variation of the 
film thickness with distance from the centre of the film. The thickness is seen to decrease 
with increase in distance. It indicates that most of the ablated material is deposited in the 
region perpendicular to the irradiated spot. Our ion probe diagnostics results*^ on the 
variation of ion density with angle from the target surface normal match well with the 
simulated thickness profile. It showed the ion density to be maximum along the target 
normal giving more thickness along the normal. 

In conclusion, a hydrodynamic model of LAD in an ambient atmosphere is discussed. 
Various plasma parameters such as temperature, density and velocity of the plasma species 
are highly dependent on the nature of the surroundings. The simulated thickness of the film 
is seen to decrease with increase in distance from the centre of the film and shows the same 
trend as observed for ion density experimentally. 





CHAPTER IV 


DIAGNOSTICS OF LASER ABLATED PLUMES FOR LASER ABLATION 

DEPOSITION 

INTRODUCTION 

Pulsed laser induced ablation or vaporization from material surfaces has been a 
subject of immense interest for quite some time in view of its importance in the context of 
understanding the nature of laser-solid interactions.^^'^'^’ As has already been said in chapter 
II, the characteristics of laser ablated plasmas depend on several factors such as the 
wavelength and energy of the laser used, presence of ambient gas and the properties of target 
material. ’ Several reports have appeared in the literature on the theoretical and 
experimental investigations of the interaction of laser produced plasma with the ambient 
The large efforts are being made to characterize the ablation process and 
to unravel its basic aspects for thin film deposition through the development of suitable 
diagnostic tools. Various diagnostics employed are listed in Table 1, Chapter II. 

In the present chapter, an extensive work on the diagnostics developed, optical 
emission diagnostics and ion probe measurements, to study the laser ablated carbon plasma 
is presented.®^’* The detailed analysis of the composition of the plasma, the dynamics 

of plume evolution and the variation of plasma parameters may be helpful in understanding 
the LAD process as well as the deposited films. We have used optical emission diagnostics 
to monitor the spatial and temporal variation of molecular clusters, neutral and ionic species 
within the plume at various laser irradiances, laser wavelength and ambient gas pressures. 
Langmuir probe is used to get local information on the plasma conditions at various 
distances from the target surface and angular positions with respect to target surface normal 
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(TSN) at various argon gas pressures. 

central uSRART 

I I r 

EXPERIMENTAL SET UP A lt5662 

The experimental setup used for optical emission diagnostics is similar to the one 

shown in figure 5, A Nd:YAG laser (X = 1.064, 0.532, 0.355 and 0.266 (rm) was focused 



onto a continously rotating spectroscopic grade pure gr^hite target rod, the focused spot on 
target being 260 pm. Experiments were carried out at various ambient gas pressures in the 
range 10 - 100 Torr. The instrumental broadening of the detection system was measured by 
monitoring the line of a He-Ne laser at 632.8 nm for the minimum slit width used in the 
experiment. It was found to be much smaller than the width of the Stark broadened profiles 
recorded for the various transitions. The temporal profiles of the selected transitions were 
also recorded using a monochromator and the data acquisition system, already described in 
chapter II. 

The details of ion probe diagnostics have also been discussed in chapter 11, figure 6. 
The third harmonic of Nd:YAG laser was focused onto the graphite target mounted in the 
vacuum chamber. The space and angle resolved studies of the laser ablated carbon plume 
were performed at various argon gas pressures fi:om 10’^ - 100 Torr. The digitized ion probe 
signals were fed to the PC for further data processing. The experiment was repeated several 
times to ensure the reproducibility of the data. 

RESULTS OF THE IN-SITU DIAGNOSTICS AND DISCUSSION 

1. Optical Emission Diagnostics at High Laser Irradiance (~10’ - 10^^ W/cm^ ) 

Emission spectra of laser ablated carbon plume was recorded at both low and high 
irradiances in presence of argon and helium gas pressures firom 10 ^ to 100 Torr at various 
distances (z) away and parallel to the target surface. The emission spectra were recorded by 
moving the monochromator in the horizontal plane in direction perpendicular to the 
expanding plume direction at various laser intensities and laser wavelengths. The plasma 
emission firom the target at higher laser irradiances was foimd to be dominated by various 
atomic/ionic species irrespective of laser wavelength. A typical emission spectrum of the 
carbon plasma in vacuum (better than 10^ Torr) recorded at 2 mm away and parallel to the 
target surface using 100 mJ energy of 0.355 pm laser wavelength is shown in figure 17. The 
laser irradiance was calculated using irradiated focal spot (260 pm) and the laser pulse .width 
(5 ns). The emission lines were identified firom the available literature.^°^ Various transitions 
fi'om C rV to C I are observed in the emission spectrum. 
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; Fig. 17. Emission spectrum of the laser ablated carbon plume at 100 mJ of 0.355 
' lim laser radiation recorded at a distance of 2 mm from the target surface in 

* vacuum in the wavelength range 320-450 nm. 
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The relative intensity of the plume was found to be sensitive to a range of 
experimental parameters, particularly laser fluence, distance from the target surface and 
ambient gas pressure. The presence of ambient gas has a strong influence on the plume 
properties such as change of colour and reduction of plume length. The apparent size of the 
plume as seen visually was about 15 mm in vacuum and reduced to about 3 mm at 100 Torr 
of argon gas pressure. To see the effect of argon gas on laser generated plume, the emission 
spectra were recorded at various distances away and parallel to the target surface. The 
emission corresponding to the C 11 transition 3p - 4s at 392.0 nm and C m transition 
4f - 5g at 436.2 ran are chosen to study the effect of background gas. Every point in 
the figures to follow is an average of five observations. Figure 18 shows the emission 
intensity for the transitions as a function of distance from the target surface in vacuum and 1 
Torr argon gas pressure. It is observed that the intensity of the lines increases drastically in 
the presence of 1 Torr argon gas pressure. The line emission enhancement can be attributed 
to various interaction processes like collisional excitation, charge transfer and recombination 
processes etc. Our results can be qualitatively explained on the basis of recombination which 
occur either due to radiative or the three body recombination (TBR) process. The functional 
deperajence of recombination rate for radiative and TBR can respectively be expressed 

"V- _ _ _ ^ 

as n^ n, and n^^ n, In (V +1) where Z, n^ and T^ represent the ion charge, 

electron density and electron temperature, respectively. It can be seen that the radiative 
process is important only close to the target surface whereas TBR is a dominant process 
beyond a few mm from the target surface. The background gas basically provides a heat sink 
so that the recombination can continue for a longer period. Also, the excitation of molecules 
of background gas results in reducing the electron energy, increasing collisional cooling, 
which in turn increases TBR rate. This results in populating the excited neutral and ionic 
carbon species in presence of a background gas. The intensity of both the transitions 
decreased with increase in distance from the target surface. However, the decrease in 
intensity is foimd to be faster in presence of argon gas. In vacuum the plasma exparids freely, 
however, it is confined to a small region in presence of background gas which results in 
reduced expansion rate and hence enhanced cooling rate. Similar results have been reported 
for excimer laser^^ and nitrogen laser^^^ ablated plasmas. The results obtained using 0.532 
pm laser wavelength showed the similar behavior in the intensity of the spectral lines with 
distance firom the target surface and argon gas pressure. 
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Fig. 18. Dependence of the intensity of C n transition at 392.0 nm and C lH 
transition at 388.6 nm on distance from the target surface in vacuum and 1 
Torr argon gas pressure using 100 mJ of 0.355 pm laser wavelength. 




Temporal profiles of various transitions were recorded at different distances away 
and parallel to the target surface. Figure 19 shows the variation in the peak intensity maxima 
for C II transition 3p - 4s at 392.0 nm in vacuum and 1 Torr argon gas. The velocity 
of the plasma front was estimated using the slope of the curve. The estimated velocity of C 
n species is 1.2 x 10^ and 1.95 x lO'* cm/sec in vacuum and 1 Torr argon gas respectively. 
The velocity decreased in presence of argon gas probably because of the energy transfer 
from the species to the ambient gas. 

The electron temperature was estimated using intensities of various C n species. 
Figure 20 shows a typical plot of [In ^ Pi! / l / ')! A^'^)] versus - 'E!' for 100 mJ of 

0.355 pm laser wavelength at a distance of 2 mm from the target surface in vacuum. The 
slope of the curve gives the electron temperature of 4.4 eV. The variation of electron 
temperature with distance from the target surface in vacuum and 1 Torr argon gas is shown 
in figure 21. Electron temperature is found to be larger in presence of argon gas. The 
electron temperatixre decreases with increase in distance from the target surface. 

The electron density of the plasma was determined from the Stark broadening of 
selected species. We have used the C II transition 3p - 4s at 392.0 nm for estimating 
the electron density. Figure 22 shows a typical Stark broadened profile of C II transition at 
392.0 nm at a distance of 10 mm from the target surface in vacuum. The electron density 
was calculated using Eq. (5). Figure 23 shows the variation of the electron density with 
distance from the target surface in vacuum and 1 Torr argon. The electron densities at 
various distances increased in the presence of ambient gas. The dependence of electron 
density with distance from the target surface showed and * d^endence in vacuum 
and 1 Torr argon gas respectively. 

II. Optical Emission Diagnostics at Low Laser Irradiance (~10 -10 W/cm ) 


At low laser irradiance the spectrum was found to be dominated by species. 
Molecular C 2 has been claimed as a critical specy for the diamond like carbon and hence the 
study of C 2 is very helpful in understanding characteristics of the deposited films. Figure 24 
show the emission spectrum of carbon plasma in vacuum at 3.6 x 10 W/cm of laser 
intensity using 1 .06 pm laser wavelength. The spectra was recorded at a distance of 3 mm 
from the target surface in the wavelength range 415-620 nm. The spectrum is dominated by 
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Fig. 19. Variation of the time delay in the peak intensity maxima of C 11 transition 
(3p - 4s ^S) at 392.0 nm with distance from the target surface at 100 mJ 

of 0.355 itm laser radiation in vacuum and 1 Torr argon. 
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Fig. 21. Variation of electron temperature with distance from the target surface 
using 100 mJ laser energy of 0.355 fim radiation in vacuum and 1 Torr 
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Fig. 22. Typical Stark broadened profile of C n transition 3p - 4s at 392.0 nm 
in vacuum at a distance of 10 mm using 100 mJ of 0.355 p.m laser 
wavelength. 
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Fig. 23. Variation of electron density of C 11 transition 3p - 4s at 392.0 nm as 
a function of distance from the target in vacuum and 1 Torr argon. 
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Fig. 24. Emission spectrum of the carbon plasma in vacuum at 3.6 x 10* W/cm of 

1 .06 |J.m laser radiation ; 

(a) Spectrum range 415 - 520 nm 
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Fig. 24. Emission spectrum of the carbon plasma in vacuum at 3.6 x 10 W/cm o 
1 .06 p.m laser radiation ; 

(b) Spectrum range 520 - 620 nm. 





Cl emission in the Av -2, - 1 , 0, + 1 , +2 sequence of the Swan (d^iig - a^Uu) bands and Av = 0 
and +1 sequence of the Deslandres - d’Azambuja iC\ - A^g) bands.'^' No cometary bands 
at 405 nm were seen with or without argon gas in our experiment, though, few C I and C H 
lines were present in addition to molecular C 2 bands. All the Cj Swan bands have been 
recorded which include Av = -2, -1, 0, +1, +2 where Av = V - v^ is the difference of the 
vibrational quantum number between the upper (v'') and lower (v^^) states of transition. The 
Cl d-a Av = 0 Swan band sequence in vacuum consisted of Swan band heads (0-0) at 516.5 
nm, (1-1) at 512.9 nm and (2-2) at 509.7 nm only, while for Av = 1, the bands (1-0) at 473.7 
nm, (2-1) at 471.5 nm, (3-2) at 469.7 nm, (4-3) at 468.4 nm and (5-4) at 467.8 nm are found 
to be prominent. We also observed the Av = -2 Swan band sequence with the Swan band 
heads of (0-2) at 619.1 nm, (1-3) at 612.2 nm, (2-4) at 605.9 nm, (3-5) at 600.4 nm and (4-6) 
at 595.9 nm. The intensity of band heads increased with increase in ambient gas pressure and 
decrease in laser wavelength. The emission spectra obtained resemble those observed during 
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laser ablation of graphite using KrF (248 nm) excimer laser. The only difference is that 
we observed a few ionic lines at a relatively low irradiance level. The appearance of the Ci 
bands at such low irradiance suggests that they are probably formed from atomic carbon 
recombination or due to electron impact excitation of ground state C 2 molecules emitted 
directly from the target or formed from the fragmentation of higher clusters in the plasma. 

To study the incident laser wavelength dependence, emission spectra of C 2 Av = -1 
Swan band sequence were recorded in presence of helium and argon gas pressures at various 
laser energies using 1.06, 0.532, 0.355 and 0.266 pm laser wavelengths.'*^ The spectra were 
recorded at various distances from the target. The intensity of the band heads increased upto 
a distance of 3 mm from the target surface and then decreased very rapidly beyond this 
distance. Every point in the figures to follow is an average of five observations. Figures 25 
and 26 show the emission spectra of Ci Av = -1 Swan band sequence for 1.06 pm laser 
wavelength at 10'^ and 10"' Torr of argon gas at 22, 33, 44 and 66 mJ of laser energies, the 
corresponding irradiances being 2.4, 3.6, 4.8 and 6.0 x 10 W/cm respectively. It is 
observed that the intensity of band heads first increases with energy, attains a maximum 
value and then decreases. Similar variation in C 2 emission intensity with laser energy was 
observed using 0.532 and 0.355 pm laser wavelengths. Figure 27 shows the intensity of Ci 
Swan band heads of (v^-v'^^) i.e. (0-1) at 563.5 nm and (1-2) at 558.5 nm for 0.532 and 0.355 
pm laser wavelengths at 10 * Torr of argon gas, recorded at a distance of 3 mm away and 
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Fig. 26. C 2 d-a Swan band sequence Av = -1 at 10’’ Torr of argon gas pressures at 
(a) 22 mJ, (b) 33 mJ, (c) 44 mJ and (d) 66 mJ of laser energy. 
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Fig. 27. Intensity of C 2 Swan band heads (0-1) at 563.5 nm and (1-2) at 558.5 nm at 
various laser energies of 0.532 and 0.355 pm laser wavelength at 10' Ton- 
argon gas pressure. 


parallel to the target surface. For all the wavelengths, the intensity peaks at some 
intermediate energy. Also the peak intensity maximum shifts towards low energies with 
decrease in wavelength which may be due to the photo fragmentation of higher clusters in 
ablated plume. 

To see the effect of ambient gas on molecular C 2 emission, emission spectra of C 2 
Swan bands was recorded at various argon gas pressures at different laser energies. Figure 
28 shows the C 2 Swan band spectra at 10’’ , 1 and 10 Torr of argon gas pressures at 33 mJ of 
1.06 pm laser wavelength, recorded at a distance of 3 mm from the target surface. The 
intensity of bands increased as the pressure of the argon gas increased from 10'^ to 100 Torr. 
Thus the incorporation of the ambient gas helps to cool the molecular species and increase 
the recombination rate. Figure 29 shows the variation in intensity of Swan band head i.e. (0- 
1) at 563.5 ran for 1.06, 0.532 and 0.355 pm laser wavelengths in pressure range of 10’^ to 
100 Torr of argon gas, recorded at 3 mm from the target surface. The intensity increases with 
pressure for all the laser wavelengths. The observed intensity of the band is largest at 0.355 
pm at all pressures. This probably is due to a change in optical penetration depth which 
decreases with wavelength. The decreased volume of the material with which the laser can 
interact results in a more effective coupling to the target. 

The dependence of C 2 band heads intensity with laser energy and ambient pressure 
showed almost the similar behavior in presence of helium. It was found that, for all the laser 
wavelengths there is an optimum energy at whicfr the intensity of Cj bands is maximum. 
However, the intensity of C 2 bands at a particular energy increased with increase in helium 
gas pressure upto lO ' Torr and no significant change was noticed after that pressure. 

The plume emission was also found to be strongly dependent on the choice of the 
ambient gas. Figure 30 shows the emission spectrum of C 2 Av = -1 Swan band sequence 
with 10 Torr of helium and argon gas at a laser energy of 45 mJ with 0.355 pm laser 
wavelength. It can be seen from the figure that the enhancement is more pronounced in 
presence of argon. Figure 31 shows the variation in the relative intensity of C 2 d-a Av 1 
Swan band heads at 563.5 ran (0-1) and 558.5 ran (1-2) using 0.355 pm laser at 40 mJ of 
laser energy at various helium and argon gas pressures. The intensity of the band heads 
increased with the pressure of the ambient gas. However, the intensity in presence of argon 
is found more than that of helium. The differencei could be the result of the effect of the mass 
of the ambient gas atoms. Gases of heavy atoms exert a greater opposing force on the plume 
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Fig. 28. C 2 d-a Swan band sequence Av = -1 at argon pressures of ( ) 
and (c) 100 Torr using 1.06 p-m laser wavelength. 
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Fig. 29. Variation in intensity of Swan band head (0-1) at 563.5 nm as a function of 
argon gas pressure for 1.06, 0.532 and 0.355 |xm laser wavelength. 
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expansion than do the gases of light atoms. As a result, the plume maintains a different 
density during its movement and therefore has a different emission intensity. 

It is argued by many workers that the characteristics of the deposited films are 
effected by the energy of the species being deposited which in turn is defined by the 
temperature of the species. Thus the temperature of the dominating species is a cmcial 
parameter for defining the characteristics of the deposited films. In order to optimize the 
deposited film characteristics, the knowledge of the temperature of the dominant C 2 species 
in the plume is essential. It has been shown that the properties of the DLC films can be 
defined in terms of C 2 yield. We have calculated the vibrational temperature of the C 2 
species using C 2 Av = -1 Swan band head intensities at various ambient pressures and 
laser energies using different laser wavelengths. Theoretical Franck-Condon factors^°^ were 
used to get the relative population in each vibrational level using Eq. (6). A typical plot of 
the relative population of the upper vibrational level as derived from the measured intensities 
vs the vibrational quantum number for 1 Torr of argon gas pressure at 45 mJ laser energy of 
0.355 pm laser wavelength is shown in figure 32. The slope of the curve gave the vibrational 
temperature to be equal to 10400 K. 

The vibrational temperature was calculated at different laser energies for various 
laser wavelengths at various helium and argon gas pressures. Figure 33 shows the variation 
of the vibrational temperature at 10'* Torr of argon gas pressure with 0.355 and 0.532 pm 
laser wavelengths. The vibrational temperature is found to be maximum at an intermediate 
energy. It has been observed by several investigators***^ that the degree of diamond character 
in DLC films varies due to the different temperature in the laser plasma, deposition of thin 
film at this optimum intermediate energy may help in optimizing the film quality. It is also 
evident fi'om the figure that a higher vibrational temperature is obtained for short laser 
wavelength laser irradiation which may be due to the small absorption depth of UV photons 
and to higher absorption by the ablated plasma fi’agments. 

Figure 34 shows the dependence of vibrational temperature at various pressures of 
helium gas for 1.06 pm at 60 mJ, 0.532 pm at 40 mJ, 0.355 pm and 0.266 pm laser radiation 
at 30 mJ laser energy respectively. The increase of helium gas pressure decreased the 
vibrational temperature for a particular wavelength. Also, the short wavelength produced a 
high vibrational temperature. The vibrational temperature showed a similar behavior in 
presence of argon gas. The variation of vibrational temperature at various argon gas pressure 
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Fig. 32. Relative population of the upper vibrational level of the C 2 Swan band 
sequence Av = -1 versus vibrational quantum number for 1 Torr argon gas 
pressure at 45 mJ energy of 0.355 pm laser wavelength. 
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Fig. 33. Variation of vibrational temperature with energy for 0.532 and 0.355 pm 
laser wavelengths at 10** Torr argon gas pressure. 
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for 1.06 ixm at a laser energy of 32 mJ, for 0.532 ^im and 0.355 ^im at 45 mJ is shown in 
figure 35. The vibrational temperatures in presence of argon gas are found to be relatively 
larger than that in presence of helium gas. This difference could be the result of the effect of 
the confinement of the gas. The restriction of the plasma expansion could be brought about 
by the surrounding gas. It results in the transfer of part of the plume expansion energy to the 
background atoms as thermal energy. The rate of removal of thermal energy by the gas 
atoms varies inversely as its mass, hence the heat removal by the argon gas atoms will be 
less than that for helium. It results in a higher plume temperature and also a larger emission 
intensity. The variation of vibrational temperature with argon gas pressure at 0.355 pm 
behaved altogether differently. The vibrational temperature peaked at 1 Torr of argon gas 
and decreased with further change in argon gas pressure on either side. The larger vibrational 
temperature at 1 Torr of argon may yield the optimum quality films. 

To estimate the expansion velocity of the C 2 species, the temporal profiles of C 2 d-a 
Av = 0 Swan band at 516.5 mil were recorded. The time resolved profiles at various ambient 
pressures were recorded corresponding to an optimum energy at which the Cj Swan band 
head intensity was found maximum. Figure 36 shows the temporal profiles of the C 2 
emission at various distances from the target surface at 10'^ Torr helium gas using 60 mJ of 
1.06 pm laser radiation. It can be seen fi'om the figure that the C 2 species develop a double 
peak structure beyond a distance of 2 mm firom the target surface. The fast component of the 
plasma was seen to dominate close to the target surface and is rapidly quenched with 
increasing distance. Beyond a certain distance the delayed slow component becomes 
predominant. The intensity of the peaks decreased with increase in distance at all ambient 
pressures. The delay corresponding to the fast component is found almost constant at all 
helium gas pressures. However, the delay for the slow peak behaved differently with change 
in helium gas pressure. 

Since the presence of an ambient gas pressure has a significant influence on the 
plasma emission at various distances firom the target, the dependence of delay on helium gas 
pressure at several distances was analyzed. Figure 37 shows the variation of the delay with 
helium gas pressure at various distances fi-om the target surface. The delay time close to the 
target surface remains uneffected by the ambient pressure and increases with increase m 
helium gas pressure at larger distances. In vacuum the laser created plume undergoes a firee 
expansion. However, in an ambient environment the collisional interaction with the 
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Fig. 35. Vibrational temperature as a function of Ar gas pressures for 1 .06 pm at 32 
mJ, 0.532 pm and 0.355 pm at 45 mJ laser energy. 
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Fig. 37. Time delay for the appearance of second peak of C 2 d-a Av 
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background gas causes the plume to decelerate. The expanding plasma species can 
effectively be thought of as piston that acts to sweep up and drive the background gas 
causing a shock front to develop ahead of the contact surface. The propagation of the shock 
front by the background gas has been shown to follow a shock wave behavior of the form 
4=^o(E/po)t° , where is a constant, E is the total energy absorbed and p,, the density of the 
background gas.^^^'^^'' Figure 38 shows the dependence of the time delay in attaining the Cj 
emission intensity maxima on the distance from the target surface in at 1, 10 and 100 Torr of 
helium gas pressures. The propagation of slow component follows a functional dependence 
of the form ^ = a where a is a constant that depends on the pressure of the ambient gas. 
The value of a and exponent t) both decreased with increase in helium gas pressure. The 
suppression of the plume expansion results with increase in helium gas pressure which may 
give rise to two different expansion mechanisms for the expansion front and the core of the 
plume. The expansion front which is subjected to plume-gas collisions would expand freely 
with a higher velocity than the high density core of the plume which undergoes extensive 
intraplume collisions. The slow component that represents the core of the plume leads to the 
formation of shock front that develops with increasing helium pressures. 

III. Ion Probe Diagnostics of Plasma Plume 

The ion probe data for the laser ablated carbon plumes used for thin carbon film 

*2 ‘ 

deposition were recorded at various argon gas pressures ranging from 10 to 100 Torr usmg 
100 mJ laser energy of 0.355 pm laser wavelength. The data were taken at various angular 
positions of the probe (0) with respect to target surface normal (TSN). The ion probe signals 
were recorded at various voltages in the range -180 to +180 volts. Figure 39 shows a typical 
ion and electron current signals as a function of time at probe voltage of -20 and +20 V 
respectively. Every point in the figures to follow is an average of five observations. 

We observed the appearance of four ionic peaks at different delay times in vacuum 
along the target normal at all distances up to 20 mm. However, in presence of 1 Torr argon 
gas, the peaks were seen up to 8 mm only and thereafter only two peaks were observed. The 
maximum ion current for the peaks decreased with increase in distance. The maximum ion 
current corresponding to the second peak showed z’’ and z'^'^’ dependence in vacuum and 
1 Torr argon gas respectively. The square of the peak ion current plotted against probe 
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Fig. 38. Dependence of time delay with distance from the target surface. 
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voltage is shown in figure 40. The slope of the linear part of the curve is used to calculate the 
ion density, Eq. 10. Figure 41 shows the variation of ion density with distance along the 
target normal for the first two ion peaks seen at all distances. The ion density decreased with 
increase in distance. The decrease in maximum ion current and density is attributed to 
recombination process in the expanding plume. The growth of the deposited films depend on 
the cumulative number of plasma species which in turn depend on the density. Hence the 
density of the plasma is an important factor in controlling the film stmcture. 

The variation of the electron temperature with distance from the target surface along 
the target normal in vacuum and 1 Toix argon is shown in figure 42. The electron 
temperature in vacuum decreased slowly with increase in distance. However, the presence of 
argon gas altered the electron temperatures drastically. At 1 Torr of argon gas, the electron 
temperature is found to be higher than that in vacuum upto 10 mm and then attains a value 
close to that of vacuum. The marked differences in temperature in presence of 1 Torr argon 
is attributed to plasma confinement effect in presence of ambient gas. To correlate the results 
with deposited films, substrate was put at 10 mm in fi-ont of the target where the temperature 
is nearly constant. The details are given in Chapter V. 

To study the angular variation of the plasma parameters in an ambient gas the probe 
was positioned at various angles with respect to target surface normal. Figure 43 shows the 
dependence of electron temperatures with argon gas pressures at 0 = 0®, 30°, 45° and 60° at a 
distance of 10 mm from the target siuface where 0 is the angle of the probe with respect to 
the target surface normal. The electron temperatures are strongly influenced by the pressure 
of ambient gas as well as the probe location with respect to target surface normal. In the 
direction of the target normal, 0 = 0°, the electron temperature increases as the pressiue is 
increased upto 1 Torr and then decreased with further increase in gas pressure. The behavior 
of the electron temperature variation with argon gas pressure at all other angles showed 
almost the same trend as 0 = 0°, however, the variation in electron temperatures at other 
angles is not as large as 0 = 0°. Also, the electron temperature decreases as the angle of the 
probe firom the target normal is increased. 

The behavior of ion density with argon gas pressures at a distance of 10 mm firom the 
target surface at various angular locations is shown in figure 44. The density is found to be 
maximum at some intermediate pressure for 0 = 0°, 30° and 45°. The increase in density with 
pressure is attributed to three body recombination. The reduction in density may be due to 
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high cooling rate at higher background gas pressure. However, at 0 = 60° the density 
decreased as the pressure increased. 

To see the effect of laser irradiated area on the target surface, the ion probe datg were 
recorded at a distance of 10 nun along the target surface normal at 1 Torr of argon gas 
pressure. The laser spot size on the target surface was varied by moving the lens towards the 
target surface at fixed laser energy. Figure 45 shows the variation of ion density with the 
laser irradiance at a distance of 10 mm along the target surface at 1 Torr of argon gas 
pressure. The ion density is found to increase with increase hi laser irradiance and then 
becomes constant at higher laser irradiances. Our results on the variation of ion density agree 
well with the results obtained on carbon using 248 nm KrF laser by Voevodin et al.^^ 

Figure 46 shows the angular variation of ion density at various argon gas pressures. 
The ion density is found to be maximum at 9 = 45° in vacuum (better than 10^ Torr). 
However, as the argon gas pressure is increased, the maxima in the ion density moves 
towards the target normal. It is found that the ion density is maximum along the target 
normal and decreases as the angle is increased at all pressures greater than 1 Torr. It looks 
from our observations that plume tilts towards the laser beam in vacuum and at argon gas 
pressures below 1 Torr. Beyond 1 Torr argon gas pressure, plume seems to be forward 
directed towards the target surface normal. 

To investigate the angular spread of the ions in the plume, the ion density calculated 
at various angles at various argon gas pressures was fitted to cosine-functions. The fit gives 
the dependence of ion density which follows Cos** 0 behavior. The behavior at 1 Torr argon 
gas pressure is shown in figure 47 at various target-probe distances. Here the data points 
represent the experimental observations. Every point is an average of five observations. The 
value of p is found to be 9.7, 6.7 and 3.1 at 6, 10 and 14 mm respectively. Figure 48 shows 
the variation of power of the fitted cosine-function (p) with argon gas pressures. The value 
of p is strongly dependent on argon gas pressure. In vacuum (<10 Torr), the ion density 
distribution shows Cos° 0 dependence. The anisotropic distribution may be due to sharp 
angular distribution of the ablated species. The value of p decreases as the pressure of the 
background gas increases. This result implies that the directionality of the traveling plasma 
species is disturbed due to collisions with argon gas. In vacuum, the plume angular 
distribution is determined by collision of the plume particles among themselves. In presence 
of background gas the plume angular distribution is perturbed by additional collisions of 
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Fig. 46. Eiependence of ion density on angle at various argon gas pressures. 
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Fig. 47. Ion density angular profiles at 6, 10 and 14 mm along the target surface 
normal at 1 Tort of argon gas pressure. 
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Fig. 48. Variation of the power of the fitted cosine-function with argon gas 
pressure. 



plume particles with that of background gas. These collisions scatter the plume particles and 
broadens the angular distribution. The value of p observed in our case decreases in the 
presence of ambient gas and is more at 1 Torr of the argon gas as compared with other 
ambient pressures. It follows from our observations that plasma plume at 1 Torr of argon gas 
pressure is more directional and forward directed as compared to higher pressures. Also the 
value of p at various distances from the target surface at 1 Torr of argon gas pressure 
decreases with increase in distance. It indicates that the angular distribution of the ions 
becomes broader with increasing distance from the target surface. This is expected as the 
scattering effects increase with increasing distance, thereby reducing p with distance. 

The velocity of the ions was evaluated using the delay timings of the ions obtained 
from ion probe signals. The velocity of the ion decreased in presence of the ambient gas. 
Figure 49 shows the variation of delay time with angle from the target surface normal. The 
delay increases with increase in angle. It indicates that the velocity of the ion is maximum 
along the target normal and decreases with increase in angle. 

In conclusion, we studied optical emission from laser ablated carbon plume to 
estimate plasma parameters as a function of distance from the target surface at high and low 
laser irradiance. Electron temperature and density were calculated using emission lines 
intensity ratio and Stark broadening of the spectral line respectively. The velocity of the 
plasma front is found to decrease in presence of an ambient gas. At low laser uradiances, the 
molecular C 2 emission was dominant. The vibrational temperatures calculated using C 2 
Swan band head intensity showed a maxima at some intermediate energy which decreased 
with decrease in laser wavelength. Vibrational temperatures decreased with increase in 
helium gas pressure, however, in presence of argon gas at 0.355 pm laser wavelength the 
temperature is found to be maximum at 1 Torr of argon gas pressure and decreased in 
change of pressure on either side. The temporal profiles of C 2 showed the plume bifurcation 
into a fast and slow component in presence of the ambient gas beyond a certain distance 
from the target surface. The slow component is shown to follow the blast wave model at 
higher helium pressure. 

The plasma parameters estimated using ion probe measurements of the laser ablated 
carbon plume are strongly dependent on the distance from the target surface, angle fix>m the 
target surface normal and ambient gas pressure. The electron temperature was found to be 
maximum along the target surface normal at I Torr of argon gas. The electron temperature at 
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1 Ton- argon gas was constant upto 10 mm and then decreased attaining a value close to that 
of vacuum at larger distances. The forward directed nature of the process is strongly 
influenced by the pressure of the ambient gas. The ion density profiles are strongly peaked in 
the direction normal to the target surface and the distribution broadens with increase in 
distance fi'om the target surface. 



CHAPTER V 


CHARACTERIZATION OF LASER ABLATED THIN CARBON FILMS 
INTRODUCTION 

Since the initial report of Smith and Turner''* in 1965, the laser ablation deposition 
(LAD) technique has become one of the forefront technique m thin film growth. Its 
emergence into the mainstream in the past several years has been due to its successful 
application for depositing variety of materials such as insulators, semiconductors, metals and 
superconductors etc. The flux of the material to be deposited is generated by irradiating an 
appropriate target with high intensity beam of pulsed laser light and a film is grown by 
collecting this flux onto a suitably placed substrate. The deposited flux can be modified by 
changing the ambient conditions, e.g., background gas and/or plasma. Laser produced 
plasma is believed to play a key role in controlling the growth, structure and properties of 
the deposited films. 

In the present chapter, the results on the characterization of pulsed laser deposited 
thin carbon films"*' using SEM, TEM, SAED, XRD, micro-Raman and resistivity 
measurements are presented. The correlation of the deposited films characteristics with the 
characteristics of the plasma is discussed. 

Experimental Set up 


The experimental set-up used for thin carbon film deposition is shown in figure 9. 
The ablated carbon was deposited on silicon and glass substrates placed 10 mm from and 
parallel to the target surface. The substrates were ultrasonically cleaned in methanol several 
times and finally rinsed in dilute HF before being used for deposition. The films were 
deposited in the presence of helium and argon gas pressures at room temperature. The 
deposition time (20 min) was kept constant for all the deposited films. Specimen for 
transmission electron microscopy analysis were prepared by depositing the films on small 
copper grids under similar conditions. 



RESULTS AND DISCUSSION 


Various techniques used for characterizing the deposited films are listed in Table 2. 
We used the SEM, TEM, XRD, micro-Raman and resistivity measurements to characterize 
the deposited thin carbon films. The films were deposited in helium and argon atmosphere at 
various pressures using different irradiance and wavelength. 

Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was used to investigate the surface 
morphology and nucleation density of the deposited films. Figure 50 shows SEM images of 
the carbon films deposited on silicon substrates using 3.8 x 10* W/cxn laser irradiance of 
0.355 pm radiation. The figure shows the effect of the argon gas pressure on the surface 
morphology. The surface morphology of the films changes dramatically with increasing 
argon gas pressure, with densely packed spherical features dominating the films. Large 
spherical protrusions of different diameters are observed on the silicon smface. The 
nucleation density of the clusters on the substrate surface was found to be at a maximum at 1 
Torr of argon gas pressure, while it decreased on either side with change of argon gas 
pressure. The typical growth rate of the deposited films using SEM was found to be 
qjproximately 25 nm/sec. 

The films deposited at various helium gas pressures*^^ using 7.8 x 10* W/cm of 
0.532 pm laser radiation showed altogether different behavior than that obtained in presence 
of argon. The nucleation density of the carbon clusters increased with increase in heliiim gas 
pressure up to 100 Torr. However, beyond 100 Torn carbon films started peeling off and 
showed "cauliflower" morphology with no systematic pattern. This variation in the 
morphology of the films has been attributed to the temperature variations in the laser ablated 
carbon plumes at various helium gas pressures. 

Transmission Electron Microscopy and Selected Area Electron Diffraction 

Cross sectional TEM was used to extract the information on the structure of the 
deposited films. The TEM micrograph and the corresponding selected area electron 
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diffraction pattern of the film at 1 Torr argon gas pressure is shown in figure 51. The diffuse 
intensity of the rings suggests quasi-crystalline nature of the film. The ring patterns represent 
typically poly-crystalline face centered cubic material. Although diffraction rings are not 
clearly visible in figure 51(b) due to contrast limitations in the image, three rings are clearly 
visible in the negative. The d,att,cce - spacing of the rings were determined using original 
negative. The measured d,att,ce -spacings of the rings 2.057 and 1.241 A° matches well with 
the (111) and (220) planes of cubic diamond respectively Also, the relatively strong 
intensity graphitic rings, especially the basal plane (002) at 3.357 A° which is strongest 
expected graphite reflection in polycrystalline sample does not seem to appear in the 
diffraction pattern. It indicates the presence of diamond for the fihn deposited at 1 Torr of 
argon. 

X-ray Diffraction 

Since the electron diffraction patterns for the carbon allotropes often are inconclusive 
due to small d,att,ce- spacing difference between the diamond and graphite, the stmctural 
properties of the deposited carbon films obtained at various argon gas pressures ranging 
from 10'^ to 100 Torr were further investigated by XRD using a standard 0/20 diffractometer 
(Cu-Ka radiation). Figure 52 shows the XRD pattern of the film deposited at 1 Torr of argon 

gas pressure at 3.8 x 10* W/cm^ irradiance. The peaks at 43.5°, 76°, 91.5° and 120° indicate 

the presence of (111), (220), (311) and (400) crystalline planes of cubic diamond. It 
confirms the presence of some diamond particles in the film deposited at 1 Torr argon 
pressure. 

The x-ray diffraction of the carbon films^^^ deposited at 100 Torr helium gas pressure 
using 7.8 X 10* W/cm^ irradiance of 0.532 pm laser radiation showed peaks at 10.3 , 11 , 

17.9° and 21° showed the presence of (100), (002), (1 10) and (1 12) crystalline planes of Cso.- 

“2 

XRD was done for the caihon films at various helium gas pressures ranging from 10 to 100 
Torr and it was found that these peaks are prominent at 100 Torr only. To further confirm 
the formation of C^o clusters, the carbon soot collected from the deposition chamber at 
various helium gas pressures at 7.8 x 10* W/cm fluence of 0.532 pm laser radiation was 
analyzed using UV-visible and infrared spectroscopy.’*^ Figure 53 shows the optical 
absomtion snectrum recorded at room temperature from n-hexane solvable carbon soot in 
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Fig- 51. (a) TEM micrograph and (b) SAED pattern of the film deposited at 1 Ton- 
argon using 3.8 X 10* W/cm^ irradiance of 0.355 p-m laser wavelength. 
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the range 200-500 nm. The spectra showed peaks around 211 , 231, 273, 299, and a broad 
band at 325 nni. These peaks are characteristic of Qo and C 70 clusters.''^ The peak at 231 
nm appears as a shoulder to 211 nm. The benzene dissolvable fullerenes were further 
chaiactci ized using vibiational spectroscopy. Since the Raman spectral studies showed very 
few crystalline domains, we resorted to the method of extracting fullerenes by dissolving the 
soot in benzene and depositing the aliquots of the benzene extract onto JCBr pellets for IR 
spectroscopy. We did not make any attempt to separate out the clusters as the yield of the 
benzene soluble clusters was- very low, thus an overlappirfg of many bands in the IR spectra 
is expected. Figure 54 shows the IR spectra recorded for the soot collected at different 
helium gas pressures using 0.532 |im laser irradiation. The spectra showed that the modes 
became more prominent as the helium gas pressure is increased from 10‘^ to 100 Torr. The 
modes were observed at 1462, 1 126, 739, 701, 670, 651, 575 and 525 cm'* which could be 
due to Cco and C70 . The observed bands were identified by comparison with earlier work.'^® 
In addition, a strong mode at 1720 cm'* was observed in the DR. spectrum, showing the 
presence of higher fullerenes greater than C70 . 

Micro-Raman Scattering Measurements 

Raman spectra is a powerful tool for the analysis of carbon films due to its ability to 
distinguish different bonding types, domain size and its insensitivity to internal stress. The 
Raman peak shift, the shape, half width and intensity are the parameters that provide 
information about the structure of the deposited films. Figure 55 shows the micro-Raman 
spectra of the deposited films at various argon gas pressures. We observed the presence of 
two well defined characteristic peaks in the spectrum at 1580 cm"' (G-line) and 1350 cm ‘ 
(D-line). These peaks have been attributed to polycrystalline graphite and amorphous carbon 
with graphitic bonding respectively in the literature. ^ However, the characteristic diamond 
peak at 1332 cm’‘ was not seen in Raman spectra. It has been shown by several 
investigators^'^’^'^ that the large width of 1350 cm'’ band can obscure the peak at 1332 cm'' . 
It is important to note that the Raman cross section from non-diamond carbon is 
approximately 60 times larger than for diamond.^^’ Therefore, due to large sensitivity 
difference nanocrystalline diamond nuclei present in the film may be obscured by the broad 
non-diamond peak at 1350 cm'^ 
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Fig. 54. Infrared spectra of carbon clusters extracted from benzene solvable soot 
collected at (a) lO'" , (b) 1 and (c) lOOTorr helium pressure. 
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Fig. 55. Micro Raman spectra for carbon films at various argon gas pressures 


Two important features observed in the Raman spectra are: (1) a decrease of D-line 
to G-line intensity ratio I(D)/I(G) with the pressure of the argon gas upto 1 Torr but it 
increases with further increase in argon gas pressure; (2) a downward shift of the G-line for 
the films deposited at 1 Torr argon gas pressure. Figure 56 shows the I(D)/I(G) intensity 
ratio as a function of argon gas pressure. The ratio is found to be at a minimum at 1 Torn of 
argon gas pressure. It has been shown that the ratio I(D)/I(G) varies inversely with the size 
of the graphite crystallites.^^^ I(D)/I(G) being at a minimum at 1 Torr indicates the presence 
of larger crystallites formed at 1 Torr compared to that formed at other pressures agreeing 
well with SEM results. The broad G-line shifted to 1550 cm'* for the film deposited at 1 Torr 
is a characteristic feature of diamond-like carbon. The width of the Raman lines were also 
seen to be least for the film deposited at 1 Torr of argon gas pressure. Thus the deposited 
film has dominance of DLC character at 1 Torr of argon gas. 

Resistivity Measurements 

An attempt was made to measure the electrical resistivity of the films deposited on 
silicon substrates at various argon gas pressures. The resistivity of the film at room 
temperature was found to be maxi mum at 1 Torr and decreased at all other pressures. The 
increase of argon gas pressure to 100 Torr caused a large decrease in resistivity. The 
relatively larger resistivity of the film at 1 Torr may be the indication of the increase of sp 
diamond bonds and decrease in the number of sp^ gr^hitic bonds in the film. 

In order to get some insight into the conduction mechanism, the temperature 
dependence of the electrical resistivity was studied. Figure 57 shows the temperature 
dependence of the resistivity of the deposited films at various argon gas pressures. The 
resistivity of the films did not change at the temperatures below 0 C irrespective of the 
argon gas pressure. However, the resistivity decreased with further increase in temperature. 
The change in the electrical resistivity was strongly dependent on the pressure of the argon 
gas. The larger resistivity at 1 Torr indicates more dense films at this pressure as compared 
to other pressure. 
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DISCUSSION 

The properties of the film produced by laser ablation deposition depends on the 
details of the ablation process and nature of the ejected material. Our results on optical 
emission diagnostics and ion probe measurements*^ can be used to understand the 
characteristics of the deposited film. To correlate we sum up the results, at the cost of being 
repeated. The optical emission data shows the plasma emission to be dominated by various 
atomic/ionic species firom triply ionized carbon (C IV) to neutral carbon (C I), which 
recombine through atomic carbon away firom the target. The presence of a backgroimd gas 
has a strong influence on plasma expansion process. In general, the interaction between laser 
plasma and the ambient gas influences the parameters such as velocities of different species 
in the plume, density and temperature of species which in turn control the characteristics of 
the deposited film. However, at the low irradiance level used for thin film deposition the 
optical emission from the plasma plume consists of molecular carbon predominantly. 
Molecular C 2 which is the critical species for DLC varies with the choice of and pressure of 
the ambient gas, in addition to various laser parameters such as laser irradiance, laser 
wavelength etc. The intensity of C 2 Swan bands was found more in presence of argon gas 
than of helium. It is known that the characteristics of the deposited films are effected by the 
energy of the species being deposited which in turn is defined by the temperature of the 
species. Thus the temperature of the dominating species is a cracial parameter defining the 
characteristics of the film. In order to optimize the film characteristics, the temperature of 
the dominant C 2 species in the plume was optimized. The vibrational temperature for C 2 
species in the presence of helium gas shows that the vibrational temperature decreases with 
increasing helium gas pressure (Fig. 34). This indicates that the presence of helium gas helps 
in cooling and clustering of species and in turn increases the dominance of C 2 and higher 
carbon clusters (fullerenes) with increasing helium gas pressures. The presence of argon gas 
increased the vibrational temperature of the C 2 species. The vibrational temperature also 
increased with decrease in laser wavelength. The dependence of vibrational temperature with 
argon gas pressure showed that the vibrational temperature attains a maximum value at 1 
Torr of argon gas then decreases with change of pressure on either side (Fig. 35). It follows 
that the higher vibrational temperature at 1 Torr argon gas pressure may lead to the 
fragmentation and ionization of larger clusters formed in the plasma. The firagmentation and 



ionization may be attributed to a large number of different processes which include 
collisional activation, charge exchange, electron collision and multiphoton absorption etc. 
Although the exact mechanism of the fragmentation and ionization is not known, one or 
more of these processes may lead to the formation of large number of stable molecular 
carbon clusters. The increase in the density of molecular carbon clusters in particular Cj 
results in the formation of more dense film showing DLC character at 1 Torr of argon gas 
pressure. Hence it looks from our observation that the vibrational temperature calculated 
from molecular C 2 emission intensity may be one of the controlling parameters defining the 
film characteristics. Our conclusions are in agreement with work on the LIF and Langmuir 
probe diagnostics of the plasma used for diamond film deposition' which has shown that 
C 2 yield essentially defines the diamond like character. 

Our ion probe diagnostics results on electron temperature and plasma species density 
can also be used to understand the deposited films. The growth of the deposited films 
depend on the cumulative number of plasma species striking the substrate which in turn 
depends on the density. To examine the angular extent of the ions in the plume, the ion 
density calculated at various angles with respect to target surface normal at various argon 
gas pressures were fitted to cosine-fiinction. The reduction in the value of cosine exponent p 
with distance at 1 Torr argon suggests that the film deposited at larger distance must be more 
uniform. However, the variation of electron temperature with distance (Fig. 42) shows that 
the temperature falls very rapidly beyond 10 mm. Hence the location of the substrate beyond 
10 mm would affect the quality of the deposited film due to the fact that the species that 
reach the substrate will have low energy. The electron temperature at 10 mm from the target 
surface is found to be maximum at around 1 Torr. Also the electron temperature is found to 
be maximum along the target surface normal and decreased at other angular positions with 
respect to target normal. Hence 1 Torr argon gas and 10 mm target-substrate distance along 
the target surface normal seem to be optimum for depositing DLC films. This implies that 
the temperature of the plasma is a critical factor for depositing DLC films. The conclusion is 
further supported by the Raman analysis. 

Although the vibrational temperatures of C 2 species obtained using optical emission 
data and the electron temperatures calculated from ion probe measurements cannot be 
correlated with each other, however, the enhanced diamond-like character at 1 Torr may be 
attributed to the higher temperature of the plasma. To understand diamond like carbon. 
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Tainor and Wu constructed a 'defected grtq)hite’ model in which the presence of a small 
amount of disorder is able to induce localization of n electrons. The disorder consists of 
randomly distributed defects which can be a carbon vacancy or inteiplanar b'nVs! through sp^ 
bonding. Recently proposed Cuomo's model'^^ have shown that the transition from graphite 
to diamond requires a reduction in the average atomic distance. Since a large activation 
barrier exists in going from graphite to diamond, the higher temperature of the plasma may 
increase the probability of surmounting the barrier giving DLC at 1 Torr argon. Our 
irradiance used for film deposition also lies in the region where most of the DLC films are 
produced (Fig. 2, 6). 

In conclusion, thin carbon films were deposited on silicon and glass substrates in the 
presence of helium and argon gas. The deposited film's characteristics are correlated with the 
properties of the ablated plumes, a source of thin films. The films were characterized using 
SEM, XRD, TEM, Raman spectroscopy and resistivity measurements. The film deposited in 
presence of helium gas showed the increasing dominance of C^o with increase in helium gas 
pressure. However, the films deposited in presence of argon gave the formation of diamond 
at 1 Torr of the argon gas pressure. The formation of diamond at 1 Torr of argon gas is 
attributed to the higher temperature of the plasma. 



CHAPTER VI 


CONCLUSIONS 

The laser ablated carbon plumes for thin film deposition were studied in vacuum and 
in presence of helium and argon gas at low and high irradiances. A Q-switched Nd:YAG 
laser and its harmonics (k = 1.064, 0.532, 0.355 and 0.266 pm) were used to generate the 
carbon plume. Optical emission diagnostics of the plasma plume used for carbon film 
deposition was carried out as a fimction of distance fi'om the target surface, laser energy, 
laser wavelength and ambient gas pressure. Ion probe diagnostics was performed at various 
distances fi'om the target surface, angle with respect to the target surface normal and argon 
gas pressure using 0.355 pm laser radiation. A hydrodynamic model for LAD of carbon in 
an ambient atmosphere is discussed. Thin carbon films were deposited on silicon and glass 
substrates in helium and argon gas atmosphere. Various diagnostics such as SEM, XRD, 
TEM, SAED, micro-Raman spectroscopy and resistivity measurements were employed to 
characterize the deposited films. 

Using the hydrodynamic model for laser ablation deposition various plasma 
parameters as plasma temperature, plasma density and velocity are estimated. It is shown 
that the plasma dimensions give larger elongation along the target normal as compared to 
other directions with increase in time. The expansion velocity in vacuum increases with time 
and becomes constant. In presence of an ambient gas the velocity after becoming constant 
decreases beyond some distance from the target surface. The distance after which the 
expansion velocity of the plasma decreases is dependent on ambient pressure. The thickness 
of the film calculated decreases with increase in distance firom the target surface. 

The optical emission diagnostics of the plasma plume used for thin carbon films 
deposition showed the plasma emission to be dominated by various atomic/ionic species 
firom C I to C rV at higher laser intensities. Electron temperature of the plasma estimated 
using emission lines intensity ratio of C II species assuming the plasma to be in local 
thermodynamic equilibrium was found to be in the range 1-9 eV. The electron density 
calculated using Stark width of C H transition 3p - 4s ^S at 392.0 nm in ambient 
atmosphere at various distances firom the target surface lies between lO'^ - 10 cm . The 
expansion velocity of the plasma was estimated using temporal profiles of C 11 transition. 



The velocity of the plasma decreases in the presence of ambient gas. At low laser intensities 
the plasma emission was dominated by molecular carbon in Av = -2, -1, 0, +1, +2 sequence 
of Swan (d^Cg - ) bauds and Av = 0 and 1 sequence of Deslandres-d'Azanibuja (C*7Tg- 

AVg ) bands. A detailed study of optical emission spectra of C 2 was carried out as C 2 plays a 
major role in the formation of diamond like carbon film deposition and generation of stable 
carbon clusters (fullerenes). C 2 emission studies were performed at various laser energies, 
wavelengths and various helium and argon gas pressures ranging from 10'^ to 100 Torr. C 2 
band head intensity was found to be optimum at an intermediate energy. The intensity of C 2 
band heads increased in the presence of ambient gas, however, the enhancement was seen to 
be larger in presence of argon than that of helium. It is shown that the temperature of the 
dominant species is a critical parameter in determining the diamond like carbon character. C 2 
Swan band head intensities were used to calculate the vibrational temperatures at various 
laser energies, wavelengths and helium and argon gas pressures. Vibrational temperature 
increases with decrease in laser wavelengths and it was found to be optimum at an 
intermediate energy. The presence of helium gas helps in cooling and clustering of 
molecular species. In presence of argon gas background the vibrational temperature was seen 
to be maximum at 1 Torr pressure and decreased with change of pressure on either side. The 
vibrational temperature was also found to be more in presence of argon than that of helium. 
The temporal profiles of C 2 at 516.5 nm showed a two component character in presence of 
helium gas beyond a certain distance from the target surface. The fast component travelled at 
nearly vacuum speed and the delayed component is seen to follow blast wave model which 
shows a shock wave disturbance through the gas. 

Ion probe measurements of the carbon plume were carried out at various distances 
from the target surface, various angles with respect to target surface normal at various argon 
gas pressures from 10 ^ - 100 Torr using 0.355 pm laser wavelength. At 1 Torr of argon gas 
pressure the electron temperature was found to be larger than that in vacuum upto 10 mm but 
became close to that in vacuum at larger distances. The electron temperature was found to be 
maximum along the target surface normal and decreases with increase in angle. The electron 
temperature was found to be maximum at 1 Torr of argon gas. The ion density was found 
maximum along target surface normal for the argon gas pressures ^ 1 Torr. The exponent of 
the fitted cosine function to the density and temperature showed strong dependence on the 
ambient gas pressure. The value of the exponent decreased in presence of argon gas and was 



tit its maximum at 1 Ton* of argon gas pressure. The velocity of the ions calculated using ion 
probe signals decreased with increase in argon gas pressure. 

Carbon thin films were deposited on silicon and glass substrates in presence of 
helium and argon gas pressures. SEM micrographs of the film deposited in presence of 
helium gas showed that the density of the microcrytalline clusters increases with increase in 
helium pressure. XRD pattern of the film at 100 Torr helium gas pressure showed peaks at 
10.3°, 11 °, 17.9° and 20° confirming the presence of (100), (002), (1 10) and (1 12) crystalline 
planes of C^o- The ablated carbon powder "soot" collected from the deposition chamber at 
various helium gas pressures was investigated using IR and UV-visible spectroscopy to 
confirm the presence of C^o • The optical absorption spectra showed peaks around 211, 231, 
273, 299 and a broad peak at 325 nm which are the charactenstic of Cgo and C 70 • Prominent 
IR modes at 1462, 1126, 739, 701, 670, 651, 575 and 525 cm'^ in the infrared spectrum 
showed the presence of Cgg and C 70 . The SEM images for the deposited films in presence of 
argon gas showed the density of microcrystalline clusters on the surface of the films to be 
maximum at 1 Torr pressure. The XRD pattern of the film deposited at 1 Torr of argon gas 
pressure showed peaks at 43.5°, 76°, 91.5° and 120° corresponding to (1 1 1), (220), (311) and 
(400) crystalline planes of cubic diamond. The djauije - spacing calculated from the SAED 
pattern of the film deposited at 1 Torr matched with that of diamond. The micro-Raman 
spectra of the deposited films in argon atmosphere showed the presence of G-peak (1580 
cm'' ) and D-peak (1350 cm"' ). The broad G-line shifted to 1550 cm'' for the film deposited 
at 1 Torr, a characteristic feature of diamond-like carbon. The D-line to G-line intensity ratio 
I(D)/I(G) was strongly dependent on argon gas pressure and found to be least for the film 
deposited at 1 Torr. The temperature dependence of the resistivity of the films was also 
investigated. The resistivity of the film deposited at 1 Torr of argon was larger than that for 
the film deposited at other pressures. The larger resistivity at 1 Torr is attributed to the 
increase of diamond sp° bonds and decrease of graphitic sp^ bonds at that pressure. 

Future Scope of the Work 

Wc measured the vibrational temperature using €7 Swan band head intensities. Laser 
induced fluorescence and absorption spectroscopy can be utilized using a tunable dye laser 
as a probe beam to estimate the density and temperature. 



We deposited the films in helium and argon atmospheres at room temperature. No 
attempt was made to deposit the films on heated or biased substrates. The deposition of the 
films on heated / biased substrates at various ambient pressures may help to optimize the 
parameters for diamond like carbon film deposition. Specific applications of the deposited 
films require different substrate materials. The deposition can be tried on various substrates 
to study their possible role in thin film growth. 

We characterized the deposited films using SEM, XRD, TEM, micro-Raman and 
resistivity measurements. Surface morphology of the deposited films can also be studied 
using Scanning Tunneling Microscopy (STM), Atomic Force Microscopy (AFM) etc. to 
determine their role for device applications. Further diagnostics for characterizing the films 
such as hardness, IR transparency, spVsp^ ratio, band gap, fnctional coefficients etc., can be 
tried to have a better understanding of the films for various technological applications. 

A detailed investigation of the evolution of shock waves while propagation of laser 
ablated carbon plume in ambient atmosphere may be carried out. For laser ablation 
deposition ambient pressure must be kept such that some of the ablated species reach the 
substrate irrespective of background shock wave. The formation of shock waves may be 
studied using fast photography and imaging. These studies will help in optimizing the target 
substrate distance and ambient pressure for getting good quality films. 
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